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Computational Study on the Structures, Energetics, and Reactivity 
of Some Novel Chemical Systems 
Abstract 
W e h a v e applied different theoretical m o d e l s to investigate a n u m b e r o f 
c h e m i c a l systems. T h e s e investigations include: (i) a Gaussian-3 ( G 3 ) study o f the 
structures a n d energetics o f C 3 H 6 S + . isomers; (ii) a G 3 study o f C 3 H 6 S isomers a n d 
the dissociation channels o f diradical 'CH2CH2SCH2' a n d its radical cation; (iii) a 
study o f the electrocyclic reactions of [16]annulene, a n d (iv) a semi-empirical a n d ab 
initio study o f the structures o f silicon nanotubes. T h e results o f e a c h o f these 
projects are reported in a self-contained chapter in the thesis. 
In these studies, reasonable to excellent a g r e e m e n t is obtained b e t w e e n our 
computational structural a n d energetics results a n d available experimental data. This 
a g r e e m e n t lends confidence to those results with n o experimental data for 
c o m p a r i s o n . In addition, s o m e o f the reaction p a t h w a y s suggested are in accord with 
available m a s s spectroscopic data. 
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O n e o f the m a i n objectives in computational chemistry is to provide a n 
accurate a n d reliable prediction o f molecular structures a n d m e c h a n i s m s o f c h e m i c a l 
reactions. Several theoretical procedure h a v e b e e n introduced to achieve these 
goals.1-15 In the past d e c a d e or so, P o p l e a n d his c o w o r k e r s p r o p o s e d a series o f a b 
initio m e t h o d s , the G a u s s i a n - n ( G n ) m o d e l s , i n order to achieve these objectives. 
Their a i m is to develop a general procedure for accurate energies applicable for a 
variety o f molecular systems. T h e s e theoretical procedures include: G a u s s i a n - 1 
(G1),5，6 G a u s s i a n - 2 a n d Gaussian-3(G3)^"^^ m e t h o d s , as well as their less 
expensive variants. U s i n g these general theoretical procedures, the calculated 
energies o f a variety o f molecular systems are expected to h a v e a n average absolute 
deviation f r o m e x p e r i m e n t less than 1 0 - 1 5 kJ mol'\ T h e G a u s s i a n - n techniques, 
b a s e d o n a series o f additivity approximation, consist o f a s e q u e n c e o f 
well-defined calculations so as to arrive a total energy for a given molecular species. 
T h e G 1 m e t h o d is the first m e m b e r of this series of theoretical procedures. 
C o m p a r e d with G 2 a n d G 3 , the G 1 m e t h o d yields less accurate results a n d is m o r e 
computationally d e m a n d i n g . In this thesis, w e m a i n l y e m p l o y the G 3 m e t h o d to 
study the structures a n d energetics of s o m e selected chemical systems. In addition, 
a n m o d i f i e d G 2 m e t h o d , G 2 + + m e t h o d , ^ ^ has also b e e n used to study the proton 
dissociation m e c h a n i s m of thioactone. 
In this thesis, in addition to these ab initio m e t h o d s , w e h a v e also applied the 
density functional theory ( D F T ) " to study the electrocyclic reactions of 
[16]annulene. 
1.1 The Gaussian-3 Method 
T h e G 3 energy is an approximation of the molecular energy at the 
Q C I S D ( T ) / G 3 l a r g e level, w h e r e GSlarge is a modified 6 - 3 1 1 + G ( 3 d f , 2 p ) basis set. 
In the G 3 m o d e l , the structure of a chemical species is optimized at the second-order 
M 0 l l e r-Plesset theory ( M P 2 ) using the 6 - 3 1 G ( d ) basis set with all electrons 
included, i.e., at the M P 2 ( F u l l ) / 6 - 3 1 G ( d ) level. B a s e d o n this optimized structure, 
1 
single-point calculations at Q C I S D ( T ) / 6 - 3 1 G ( d ) , M P 4 / 6 - 3 1 G ( d ) , M P 4 / 6 — 3 1 + G ( d ) , 
M P 4 / 6 — 3 1 G ( 2 d f , p ) , a n d M P 2 ( F u l l ) / G 3 l a r g e levels are carried out. A l s o , this m o d e l 
requires higher level correction ( H L C ) in the calculation o f total electronic energies 
(五e). T h e H L C is - 6 . 3 8 6 x - 2 . 9 7 7 x for m o l e c u l e s a n d - 6 . 2 1 9 x 
10— — 1.185 X 10一 {ria-n^) for a t o m s , in w h i c h U a a n d n ^ are the n u m b e r o f a a n d (3 
electrons, respectively, w i t h n ^ > "p. T h e H F / 6 - 3 1 G ( d ) or M P 2 ( F u l l ) / 6 - 3 1 G ( d ) 
h a r m o n i c vibrational frequencies, scaled b y 0 . 8 9 2 9 or 0.9661,'^ respectively, are 
applied for the zero-point vibrational e n e r g y ( Z P V E ) correction at 0 K (Eq = E。+ 
Z P V E ) . 
T h e G 3 theory h a s b e e n u s e d to calculate m o l e c u l a r energies, s u c h as 
atomization e n e r g i e s , i o n i z a t i o n energies,5，i4 proton affinities,^'and electron 
affinities^ o f 1 2 5 m o l e c u l e s for w h i c h these quantities h a v e b e e n well established 
experimentally. T h e average absolute deviation is a b o u t 〜4 k J mol—1.9 Detailed 
m e t h o d o l o g y o f the G 3 theory is given in A p p e n d i x A . 
1.2 The G2++ Model, a Modified Gaussian-2 Method 
A p a r t f r o m using the conventional G 3 - b a s e d m e t h o d s , w e also e m p l o y a 
m o d i f i e d G 2 m e t h o d to study s o m e anions in our projects. T h e m o d i f i e d G 2 m e t h o d 
is called w h i c h has b e e n f o u n d to b e useful for organic anionic systems. In 
this m o d e l , all the structures are optimized at M P 2 ( F u l l ) / 6 - 3 1 + + G ( d ) level with 
diffuse functions included o n both h e a v y a n d h y d r o g e n a t o m s . In the e n e r g y 
calculations, s o m e modifications h a v e b e e n m a d e o n the original single-points: 
Q C I S D ( T ) / 6 - 3 1 1 G ( d , p ) , M P 4 / 6 - 3 1 1 G ( d , p ) , M P 4 / 6 — 3 1 1 + + G ( d , p ) [with additional 
diffuse functions for h y d r o g e n a t o m ] , M P 4 / 6 — 3 1 1 G ( 2 d f , p ) , a n d M P 2 / 6 -
3 1 1 + + ( 3 d f , 2 p ) [with additional diffuse functions for h y d r o g e n a t o m ] . H L C is again 
included to a c c o u n t for the r e m a i n i n g basis set deficiencies: H L C = -5.03 x — 
0.18 X 1 0 —乂 . All the structures h a v e b e e n characterized b y vibrational frequencies 
calculations at the M P 2 ( F u l l ) / 6 - 3 1 + + G ( d ) level, with scaling factor 0.972 applied for 
the Z P V E corrections. Detailed m e t h o d o l o g y o f the G 2 + + m o d e l is also given in 
A p p e n d i x A . 
1.3 Density functional theory (DFT) 
T h e basis for D F T is the p r o o f b y H o h e n b e r g a n d K o h n " that the g r o u n d 
2 
state electronic energy is determined completely b y the electron density, /)(r). In 
particular, the set o f self-consistent one-electron equations b y K o h n a n d S h a m ^ ^ 
w h i c h include, in a n a p p r o x i m a t e w a y , e x c h a n g e a n d correlation effects. Substituting 
the m a t h e m a t i c a l expressions for the kinetic a n d potential energies, the total energy 
for N electrons (index i) a n d M nuclei (index a ) c a n b e written, without 
approximation, as: 
1 N M 7 
( n ( n ) d r , + S j — ^ P ( r , ) d r , 
丄 i=\ « 二 1 ^a — 厂 1 
+ ; •. " 厂 厂 2 + Exc [ 厂 ] 
2 ri2 
w h e r e the first t e r m describes the kinetic energy of N non-interacting electrons with 
density /)(r). T h e s e c o n d t e r m represents C o u l o m b interaction b e t w e e n the electron 
a n d nucleus. T h e third term represents the C o u l o m b interaction b e t w e e n the t w o 
charge distributions. T h e last term, the Exc\p] functional, accounts for the exchange-
correlation energy. 
1.4 Calculation of Thermodynamical Data 
T h e heats of formation at temperature T, AT/fr, in this w o r k w e r e calculated 
in the following m a n n e r . F o r m o l e c u l e A B , its G n M f n w a s calculated f r o m the 
corresponding heat of reaction A / / V r ( A + B — A B ) a n d the respective experimental 
A l f n i A ) a n d A l f n i f i ) for elements A a n d B . In the calculations o f A//Vr for 
anions, w e set the M f ^ T value o f a free electron to b e zero. 
1.5 Remark on the Location of Transition Structures 
In this thesis, all stationary points o n the potential energy surface w e r e 
characterized b y vibrational frequency calculations. In other w o r d s , equilibrium 
structures h a v e only real vibrational frequencies, while transition structures (TSs) 
h a v e o n e a n d only o n e imaginary frequency. For each T S , the "reactant(s)" a n d 
"product(s)" w e r e confirmed b y intrinsic reaction coordinate (IRC)〕。，�】 calculations. 
A l s o , for the dissociation channels that w e claim to involve only b o n d breaking a n d 
n o T S s , w e did try to locate the TS(s) for t h e m a n d found n o n e . 
1.6 Natural Bond Orbital (NBO) Analysis 
3 
T h e N a t u r a l B o n d Orbital ( N B O ) analysis h a s b e e n carried out for a n u m b e r 
o f species in order to study the b o n d i n g a n d interactions in the various C 3 H 6 S + 
i s o m e r s a n d C 3 H 6 S i s o m e r s in C h a p t e r s 2 a n d 3, respectively. T h i s analysis allows 
u s to isolate the interaction energies in l o w - o r d e r perturbative expressions o f easily 
interpretable f o r m a n d to relate these expressions to c h e m i c a l explanations. T h e 
b o n d interaction in the various i s o m e r s is discussed in t e r m s o f stabilization energies, 
A£(2), w h i c h is calculated b y the s e c o n d - o r d e r perturbation analysis o f the F o c k 
matrix obtained in the N B O analysis. B y this perturbational a p p r o a c h , the 
d o n o r - a c c e p t o r interaction involving a filled orbital cp (donor) a n d a n unfilled 
antibonding orbital 口* (acceptor) c a n b e quantitatively described. Specifically, this 
stabilization e n e r g y is calculated b y the following expression: 
{<cp\F\cp- >)2  
� * — ^(p 
w h e r e F is the F o c k operator a n d s ^ a n d s一 are the N B O energies o f the d o n o r a n d 
acceptor orbitals, respectively. 
1.7 Scope of the Thesis 
In the following Chapters, the calculation results o f a n u m b e r o f n o v e l 
m o l e c u l a r s y s t e m s will b e discussed. In Chapters 2 a n d 3, the structures a n d 
energetics o f C 3 H 6 S + . radical cations a n d the corresponding C 3 H 6 S neutrals are 
studied at the G 2 + + a n d G 3 levels. T h e isomerization b e t w e e n t w o o f the C 3 H 6 S + . 
radical cations a n d the dissociation channels o f 'CH2CH2SCH2' a n d •CH2CH2SCH2+ 
has also b e e n considered in these chapters. In C h a p t e r 4, the electrocyclic reactions 
o f [16]annulene h a v e b e e n investigated b y a b initio a n d D F T calculations. T h e 
stabilities o f structures o f hypothetical silicon n a n o t u b e s ( S i N T s ) are evaluated in 
C h a p t e r 5. Finally, a conclusion will b e given in C h a p t e r 6. 
Editorial Note: E a c h chapter o f this thesis should b e treated as separate entity. In 
other w o r d s , it has its o w n n u m b e r i n g s y s t e m for molecular species, equations, 
tables, figures, a n d references. 
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Chapter 2 
Structures and Energetics of CsHeS.* Isomers: A Gaussian-3 ab 
Initio Study 
Abstract 
T w e n t y - t w o isomers/conformers o f C 3 H 6 S + * radical cations h a v e b e e n 
identified a n d their heats of formation ( A H f ) at 0 K a n d 2 9 8 K h a v e b e e n calculated 
using the Gaussian-3 ( G 3 ) m e t h o d . S e v e n of these isomers are k n o w n a n d their AHf 
data are available in the literature for c o m p a r i s o n . T h e least energy isomer is f o u n d 
to b e the thioacetone radical cation (4+) with Civ s y m m e t r y . In contrast, the least 
energy C 3 H 6 O + * isomer is the l-propen-2-ol radical cation. T h e G 3 A H n g s o f 4+ is 
calculated to b e 859.4 kJ mol'^, ca. 3 8 kJ mol"^ higher than the literature value, < 8 2 1 
kJ m o r 、 F o r allyl m e r c a p t a n radical cation (7+), the G 3 AHfzgs, is calculated to b e 
927.8 kJ mol-i, also not in g o o d a g r e e m e n t with the experimental estimate, 9 5 6 kJ 
mo\'\ U p o n e x a m i n i n g the experimental data a n d carrying out further calculations, 
it is s h o w n that the G 3 A H m s values for 4+ a n d 7+ should b e m o r e reliable than the 
c o m p i l e d values. F o r the five remaining cations with available experimental thermal 
data, the a g r e e m e n t b e t w e e n the experimental a n d G 3 results ranges f r o m fair to 
excellent. 
Cation CH3CHSCH2+* (10+) has the least energy a m o n g the eleven distonic 
radical cations identified. Their A//f298 values range f r o m 9 1 8 to 1 1 5 7 kJ m o F ^ 
Nevertheless, only o n e of t h e m , C H 2 = S C H 2 C H 2 + * (12+), has b e e n observed. Its G 3 
A/^f298 value is 980.9 kJ m o l ' ^ in fair a g r e e m e n t with the experimental result, 9 9 0 kJ 
mol'\ A couple of reactions involving C s H e S ^ ' isomers C H 2 = S C H 2 C H 2 + * (12+) a n d 
trimethylene sulfide radical cation (13+) h a v e also b e e n studied with the G 3 m e t h o d 
a n d the results are consistent with experimental findings. 
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2.1 Introduction 
T h e organosulfur m o l e c u l e s play a n important role in c o m b u s t i o n a n d 
a t m o s p h e r i c chemistry」Simple organosulfur m o l e c u l e s s u c h as CH3SH, 
CH3SCH3, a n d C2H5SC2H5 are pollutants f o r m e d in industrial oil a n d c o m b u s t i o n . 
A t o m s p h e r i c ultraviolet photolysis a n d thermal pyrolysis o f organosulfur pollutants 
p r o d u c e radicals, w h i c h are intermediates in the atomspheric sulfur cycles a n d h a v e 
i m p a c t o n the formation o f S O 2 , w h i c h in turn causes acid rain. S o , in s o m e recent 
papers, w e h a v e reported a b initio studies o f C 2 H 3 S 7 C 2 H 3 S + systems'^ a n d 
C 2 H 5 S 7 C 2 H 5 S V C 2 H 5 S " systems.5-10 In our present project, w e turn o u r attention to 
the C s H g S / C s H g S " * systems. It is noted that C s H ^ S isomers h a v e specific 
applications in industry. F o r e x a m p l e , propylene sulfide is u s e d as the sulfur source 
for the g r o w t h o f thin layers o f the transition m e t a l s u l f i d e s . I n this paper, w e 
report our results for the C s H e S ^ * radical cations, while the neutral C 3 H 6 S species 
will b e dealt w i t h in a forthcoming publication. 
T h e o x y g e n analogs o f C 3 H 6 S / C 3 H 6 S + . , C 3 H 6 0 / C 3 H 6 0 + * , h a v e b e e n studied 
quite extensively both experimentally a n d theoretically. _ H o w e v e r , the 
C 3 H 6 S / C 3 H 6 S + * s y s t e m s h a v e received m u c h less theoretical attention, although there 
are several spectroscopic a n d t h e r m o c h e m i c a l investigations o n C 3 H 6 S a n d 
C3H6S+..i7，i8，25-3i Indeed, there still is not a full a b initio molecular orbital study for 
the structures, energetics a n d reactions o n C 3 H 6 S a n d C s H e S ^ * isomers. T h u s , a 
c o m p l e t e set of t h e r m o c h e m i c a l data for the C 3 H 6 S + * system is reported in this paper. 
T h e present w o r k patterns closely to the study o n the C s H e O ^ * isomers b y R a d o m et 
al.}^ In all, t w e n t y - t w o C 3 H 6 S + * isomers/conformers are identified. U p o n 
c o m p a r i n g the t h e r m o c h e m i c a l data o f C 3 H 6 S + * a n d C 3 H 6 0 + * , it is f o u n d that these 
t w o isoelectronic systems h a v e significant differences. F o r instance, a m o n g all 
CsHeO"^* isomers, the m o s t stable (in term of o n e is l-propen-2-ol radical 
cation. 16 H o w e v e r , the m o s t stable isomer of C s H e S ^ * is thioacetone radical cation, 
w h i c h is f o u n d to b e 25.1 kJ mol"^ m o r e stable than the 1 -propen-2-thiol radical 
cation. A l s o , w h e n w e c o m p a r e the structures of the stable C 3 H 6 S + * isomers with 
their corresponding o x y g e n analogs, s o m e o f the C 3 H 6 S + * isomers h a v e different 
s y m m e t r y properties. A m o n g the CaHeS"^* isomers studied in this w o r k , only seven 
o f t h e m h a v e b e e n e x a m i n e d experimentally^^"^ ^  previously. In d u e course, a 
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systematic study o n the C 3 H 6 S neutral isomers will b e undertaken. W i t h the data o f 
neutral a n d cationic species o f C 3 H 6 S b e c o m i n g available, the study o f the 
intramolecular rearrangements b e t w e e n the isomers a n d their fragmentation 
p a t h w a y s c a n b e e x a m i n e d together. 
2.2 Methods of Calculation 
All a b initio m o l e c u l a r orbital calculations reported here h a v e b e e n carried 
out using the G a u s s i a n 9 8 p a c k a g e s o f programs.^^ T h e computational m e t h o d s w e 
e m p l o y e d w e r e the a f o r e m e n t i o n e d a n d m o d i f i e d G 2 , G 2 + + , 3 4 ig^els o f theory. 
In this w o r k , the G 3 results o f all C 3 H 6 S + . isomers are calculated using H F / 6 - 3 1 G ( d ) 
frequencies except isomers 1+ a n d 17+. Since these t w o radical cations h a v e o n e 
i m a g i n a r y vibrational frequency at the H F level, MP2(Full)/6-31 G ( d ) frequencies are 
e m p l o y e d . 
In this article, single- or double-digit n u m e r a l s with superscript + s u c h as 1+, 
2+, etc. refer to the structures o f CsHeS"^* a n d C 3 H 6 0 + * radical cations, while 3, 4, 
...,etc. a n d 5' , 6' , . . e t c . refer to the corresponding neutral a n d anionic species, 
respectively. 
2.3 Results and Discussion 
T h e molecular structures o f 2 2 C 3 H 6 S + * isomers optimized at the 
M P 2 ( F u l l ) / 6 - 3 1 G ( d ) level are s h o w n in Figure 1. T h r o u g h o u t this paper, b o n d 
lengths are in a n g s t r o m s a n d b o n d angles in degrees. T h e heats o f formation (AZ/fo 
a n d Ai/f298) o f all isomers are s u m m a r i z e d in Table 1. In the following, the results o f 
e a c h i s o m e r are discussed in detail. 
1+ 5 1 + 1 6 LJ T 
6 / 1 . 0 9 0 J 
H r ^ 7 . 8 H \ / S ^ 1 . 3 4 4 
1 . 0 8 6 X 1 2 2 . 3 1 1 5 . 0 7 1 . 6 9 9 ； ^ c M ^ ^ ^ . S 乂Q6.Q H 
^ 1 . 3 9 1 ( A 9 - 4 - 2 = 1 1 0 . 6 h Z V / 
^ 9 - 4 - 2 - 3 = 1 2 0 . 2 \ 1 2 7 2 1 2 1 5 / ^ 別 二 
1.。8广20.1 122.8 W、、“ a 1.389 
1 089/ 115.7 120.2 \i.086 
y ^ ^ 9 Luoy \ 6-4-3 = 108.8 
/ / 1 . 0 9 0 H |_f8 6 - 4 - 3 - 2 = 1 2 2 . 7 
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Figure 1. T h e structures of the twenty-two CsHeS^* isomers studied in this w o r k . 
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Figure 1. (Continued). 
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Figure 1. (Continued). 
C H 2 = C ( S H ) C H 3 ^ ' (1+). T h e g e o m e t r y of 1+ has Cs s y m m e t r y . It is the enol 
tautomer of the thioacetone radial cation (4+), w h i c h is m o s t stable 
t h e r m o d y n a m i c a l l y a m o n g the C 3 H 6 S + * isomers considered in this w o r k . T h e G 3 
M/f298 of 1+ is 884.5 kJ m o l ' ^ Contrary to its o x y g e n analog,^^ 1+ is not the least 
energetic radical cation of the C s H e S ^ * isomers. It is 25.1 kJ mol"^ higher in energy 
than 4+. T h e r e is n o experimental evidence s h o w i n g the existence of 1+. 
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Table 1: Gaussian-3 heats of formation (in kJ mol^) at 0 K (AHm) and 298 K 
(A^f298) for C3H6S+. isomers 
Species A ^ t ^ H舰 ^ H n n (exp) 
r ^ 898.7 884.5 
2+ 885.0 870.8 
3+ 882.2 868.2 
4+ 872.7 859.4 < 8 2 1 ^ 
5+ 882.1 868.6 8 6 5 & 
6+ 916.1 901.5 
7+ 942.6 927.8 9 5 6 ^ 
8+ 976.2 964.3 
9+ 974.0 960.3 
10+ 931.6 918.4 
11+ 1010.7 997.1 
12+ 993.7 980.9 9 9 0 ' 
13+ 920.5 903.9 8 9 9 & 
14+ 1034.6 1021.4 
15+ 915.6 900.1 8 8 5 ^ 
16+ 953.0 937.5 
1 7 + a 980.2 965.9 
18+ 1036.0 1022.9 
19+ 919.0 904.6 
20+ 985.1 971.8 
21+ 1042.0 1028.4 
2 2 + " 1165.1 1151.4 < 1 0 4 3 ^ 
a T h e G 3 results of 1+ a n d 17+ are calculated using MP2(Full)/6-31 G ( d ) frequencies. 
B o t h of these radical ions h a v e o n e imaginary vibrational frequency at the H F level. 
b F r o m Ref. (28). 
" F r o m Ref. (31). 
d W i t h a quartet spin state (see text). 
C H 3 C H = C H S H + * (2+ a n d 3+). Radical cation 2+ a n d 3+ are the geometric 
isomers of 1-propen-l-thiol, with the methyl group being cis a n d trans to the 
m e r c a p t o group, respectively. B o t h 2+ a n d 3+ h a v e Q s y m m e t r y . T h e Z-stereoisomer 
2+ is 2.6 kJ mol-i higher in energy than the E-stereoisomer 3+. Also, n o experimental 
thermochemical results for 2+ a n d 3+ are found in the literature. C o m p a r i n g the 
t h e r m o d y n a m i c a l stability of 1+ a n d 2+, it is found that 2+ is 13.7 kJ mol"^ lower in 
energy than 1+. This m a y d u e to the different substituent effects of the m e t h y l group 
to the vinyl sulfide in 1+ a n d 2+. 
C H 3 C ( = S ) C H 3十（ 4十 ) . T h i s thioacetone radical cation has C2v s y m m e t r y . 
B o t h the methyl groups are eclipsed to the C = S double b o n d . This radical cation is 
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f o u n d to b e m o s t stable a m o n g the C 3 H 6 S + * isomers studied in this w o r k . A l t h o u g h 
the G 3 a n d experimental A/fcpg values, 859.4 a n d < 8 2 1 kJ mo\'\ respectively, are in 
qualitative a g r e e m e n t , unfortunately, the difference b e t w e e n t h e m is big. T h e parent 
neutral o f 4+ is thioacetone (4). T h e experimental A H n n o f 4+ arises f r o m the A H m ^ 
o f 4 (-9 k J m o r i ) 3 0 a n d the vertical ionization energy (IE) o f 4 (8.6 eV).^^ O n 
r e m o v a l o f a n o n - b o n d i n g electron o n the sulfur a t o m o f 4, o n e w o u l d expect that 
there w o u l d b e n o significant structural c h a n g e f r o m the neutral to the corresponding 
cation a n d the vertical I E w o u l d b e similar to the adiabatic IE. In fact the calculated 
the G 3 vertical (8.68 e V ) a n d adiabatic (8.63 e V ) lEs o f thioacetone are very similar 
a n d are in g o o d a g r e e m e n t w i t h the aforementioned estimate. O n the other h a n d , the 
G 3 A//f298 for 4 is calculated to b e 26.7 kJ mo\'\ not in a g r e e m e n t with the 
experimental value o f -9 kJ Obviously, the difference (ca. 3 8 kJ mol'^) 
b e t w e e n the G 3 (859.4 kJ m o l ] ) a n d the c o m p i l e d (821 kJ mol"^)^^ A H n g s values o f 
4+ is m a i n l y d u e to the reliability o f the determination o f A//f298(4). T o resolve this 
difference, w e turn to the following proton dissociation to c h e c k the consistence o f 
the calculated A//f298(4) value: 
C H 3 C ( = S ) C H 3 (4) - > H 2 C = C ( S ) C H 3 ' + H + (1) 
for w h i c h the experimental heat o f reaction is k n o w n to b e 1 4 6 9 ± 14 kJ mol'^^^ A t 
the G 2 + + level (a m o d e l especially designed for a n i o n s ) ? the A H m s o f 
H 2 C = C ( S ) C H 3 ' is calculated to b e -37.2 kJ m o l ] , w h i c h is within the error bar o f the 
experimental result,^^ -19 士 2 6 kJ mol'\ C o m b i n i n g these results with the 
experimental^^ AHfzgs o f H + , 1 5 3 0 kJ m o l ' ^ the A H m s , o f 4 c a n b e determined to b e 
23.8 kJ mol-i, in very g o o d a g r e e m e n t with the G 3 result o f 26.7 kJ mol'\ H e n c e it 
m a y b e c o n c l u d e d that the G 3 A H n g ^ o f 4 is m o r e reliable than the "experimental" 
value (-9 kJ mol'^) f o u n d in literature. In other w o r d s , the c o m p i l e d A/fcgg o f 4+ (ca. 
8 2 1 kJ mol—i) is likely a n underestimated value. 
Finally, it is noted that 4+ is l o w e r in energy than 1+ b y 25.1 kJ m o r \ 
indicating that the keto isomer is t h e r m o d y n a m i c a l l y m o r e stable than the enol 
isomer. 
C H 2 = C H S C H 3 + . (5+). This m e t h y l vinyl sulfide radical cation has Q 
s y m m e t r y . Energetically, it is 9.2 kJ mol'^ a b o v e 4+. T h e calculated AHfzg^ o f 5+ is 
868.6 kJ mol'\ in g o o d a g r e e m e n t with the experimental value,^^ 8 6 5 kJ mol'\ O u r 
calculated results indicate that 3+ ( A H n g s = 868.2 kJ mol"^) a n d 5+ ( A H m s = 868.6 kJ 
13 
mol-i) h a v e essentially the s a m e energy a n d are the s e c o n d lowest in energy a m o n g 
the C 3 H 6 S + cation radicals. T h e S - C H 3 b o n d (1.801 A ) in 5+ is longer than the S - C H 
b o n d (1.683 A ) , indicating that the latter has partial double b o n d character, arising 
f r o m the hyperconjugative interaction o f the 7 i ( C = C ) orbital a n d the radical orbital 
centered o n the S a t o m . 
C H 3 C H 2 C H = S + . (6+). This propanethial (or thiopropanal) radical cation is 
the keto f o r m o f isomer 2+. It is f o u n d that 6+ is 30.7 kJ mol'^ higher in energy than 
2+. T h e keto f o r m is energetically less favorable, in contrast to the analogous pair o f 
4+ a n d 1+. T h e radical cation 6+ also has Q s y m m e t r y ; a search for C H 3 C H 2 C H = S + * 
w i t h C\ s y m m e t r y w a s not successful. C o m p a r i n g the lengths of the C = S double 
b o n d in 4+ a n d 6+, it is seen that the o n e in 6+ (1.615 A ) is shorter than that in 4+ 
(1.627 A ) . 
CH2=CHCH2SH • (7+). This 2-propen-l-thiol (or allyl m e r c a p t a n ) radical 
cation, with C\ s y m m e t r y , does not h a v e the s a m e s y m m e t r y ( Q ) as its o x y g e n 
analog. 16 In 7+, the m e r c a p t o group is n o w pointed out of its molecular plane. It is 
higher in energy than 4+ b y 68.4 kJ m o l ' ^ T h e calculated t ^ H ^ m o f 7+ is 927.8 kJ 
m o \ ' \ not in very g o o d a g r e e m e n t with the experimental value (956 kJ mol—i), listed 
28 + 
in the compilation b y Lias et al. It should b e noted that this l^Hnn o f 7 arises 
f r o m the experimental A/fegg (64 士 9 kJ mol'^) a n d the m e a s u r e d IE (9.25 eV)24，25 of 
allyl m e r c a p t a n (7). A t the G 3 level, the A//f298 of 7 (with C\ s y m m e t r y ) is 
calculated to b e 64.0 kJ mol'^, in excellent a g r e e m e n t with experiment. [Another 
c o n f o r m e r o f 7, also with C\ s y m m e t r y , has a G 3 AHfzgs of 63.7 kJ m o l ] , again in 
very g o o d accord with experiment.] U p o n checking the t w o experimental references 
o n the IE of 7, it is f o u n d that the older one^^ reports that the m e a s u r e d quantity is the 
vertical IE, while the m o r e recent reference^^ claims that both the vertical a n d 
adiabatic lEs o f 7 h a v e the s a m e value, 9.25 e V . O n the other h a n d , the G 3 
(adiabatic) IE of 7 is calculated to b e 8.95 e V , w h i c h is very different f r o m the G 3 
vertical IE, 9.33 e V . T h e difference b e t w e e n these t w o lEs arises f r o m the 
dissimilarities b e t w e e n the optimized structures of 7 a n d 7+. T h e C^-C^-C^-S"^ 
dihedral angle in 7+ is 83.2。，which is quite different f r o m that in 7, 116.7°. 
Additionally, both the C - C ^ - C ^ - H ^ (-159.7。）and C - C ^ - C ^ - H ^ (-27.9。）dihedral 
angles in 7+ a n d are significantly different f r o m those in 7 (-120.2° an d —1.1。， 
14 
respectively). Clearly the listed experimental A//f298 o f T is b a s e d o n the 八//位98 a n d 
vertical I E o f 7 a n d , h e n c e , is quite different f r o m the G 3 A/fegg. 
C o m p a r i n g the g e o m e t r y o f 7+ w i t h those o f the closely related isomers, 1+ 
a n d 2+, the lengths o f the C = C d o u b l e b o n d in these three i s o m e r s are quite similar, 
but the C - S b o n d length in 7+ (1.818 A ) is significantly longer than those in 1+ a n d 
2+ (1.699 a n d 1.692 A , respectively), for e x a m p l e . F o r 7+, hyperconjligation b e t w e e n 
the radical orbital a n d the t c ( C = C ) b o n d is not possible, unlike the cases in 1+, 2+, 3+, 
a n d 5+. 
C H a C S - C H a ^ ' (8+). T h e g e o m e t r y o f 1 -methylthio-ethylidene radical cation 
(8+) h a s C s s y m m e t r y . It is a distonic cation, w h e r e the positive charge is m a i n l y 
located at the sulfur a t o m a n d the o d d electron is resided at the central c a r b o n a t o m . 
Its G 3 A//f298 is 964.3 kJ mol'\ T h e b o n d length o f the central C = S d o u b l e b o n d o f 
8+ is 1.586 人，which is slightly shorter than those in 4+ a n d 6+ (1.627 a n d 1.615 A , 
respectively). 
CH2C(SH2)CH2 • (9+). Contrary to its o x y g e n analogic w h i c h has Q v 
s y m m e t r y , the optimized structure for this distonic radical cation (9+) h a s Q 
s y m m e t r y , as s h o w n in Figure 1. T h e t w o h y d r o g e n a t o m s , w h i c h are attached to the 
sulfur a t o m , are not o n the m o l e c u l a r plane. T h e b o n d lengths o f b o t h S - H b o n d s 
(1.347 A ) are similar to that f o u n d in T (1.345 A ) . T h e calculated A H m s o f 9+ is 
960.3 kJ mol'\ essentially the s a m e as that (964.3 kJ mol"^) o f 8+. It is the s e c o n d 
least energetic a m o n g the eleven distonic radical cations (8+, 9+, 10+, 11+, 12+, 14+, 
17+, 18+, 20+, 21+, and 22+). 
CH3CHSCH2 * (10+). This distonic radical cation has t w o stereoisomers, 
b o t h w i t h C s s y m m e t r y . T h e anti (with respect to the C - C - S - C skeleton) c o n f o r m e r , 
10+, is the least energetic a m o n g the aforementioned distonic radical cations 
considered in this w o r k . T h e r m o d y n a m i c a l l y , it is quite stable. Its G 3 A//f298 (918.4 
kJ mol-i) is only 59.0 kJ mol"^ higher than that o f 4+. T h e positive charge is m a i n l y 
o n the S a t o m a n d the radical site is o n the m e t h y l e n e carbon. T h e terminal C - S 
b o n d (1.681 A ) is significantly longer than the central o n e (1.646 A ) , indicating the 
f o r m e r has lesser double b o n d character. 
CH3CH2CSH+* (11+). T h e thioxylpropylidene distonic radical cation 11+ has 
C s s y m m e t r y . Its G 3 M { 舰 is 997.1 kJ m o F ^ A g a i n , a search for C H 3 C H 2 C S H + . 
w i t h C\ s y m m e t r y w a s not successful. 
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C H 2 = S C H 2 C H 2 + * (12+). This distonic radical cation has Q s y m m e t r y . T h e 
c o n f o r m a t i o n is different f r o m the corresponding o x y g e n analog. ^ ^ T h e C ^ - S ^ - C ^ -
C 4 dihedral angle in 12+ is 0.0°, w h i c h is different f r o m that f o u n d in its o x y g e n 
analog (180.0°). T h e calculated M i n n for 12+ is 980.9 kJ m o l ' ^ in fair a g r e e m e n t 
with the value f o u n d in the literature,^^ 9 9 0 kJ m o l ' ^ 
A p r o m i n e n t dissociation channel^ ^  for 12+ has the products C 2 H 4 a n d 
C H 2 S + * . T h e calculated heat o f reaction at 2 9 8 K for the dissociation 12+ - > C 2 H 4 + 
CHiS"^* is about 9 0 kJ m o l ' ^ H e n c e the distonic cation radical 12+ is stable with 
respect to this dissociation. 
C H C H C H S+- (13+). This thietane (or trimethylene sulfide) radical 2 2 2 
cation has a f o u r - m e m b e r e d ring structure, with Cs s y m m e t r y . T h e G 3 l ^ H職 for this 
i s o m e r is 903.9 kJ m o \ ' \ in very g o o d a g r e e m e n t with the estimate f o u n d in the 
literature, 8 9 9 kJ m o r . I s o m e r 1 2 formally is a C—C ring-opened isomer o f the 
trimethylene sulfide radical cation (13+) (see below). T h e r m o d y n a m i c a l l y , the ring 
structure is m o r e stable. 
F r o m their collision activated dissociation ( C A D ) a n d neutralization-
reionization studies of 12+, Polce a n d Wesdemiotis^^ conclude that 12+ is a 
distinguishable isomer a n d resides in a potential well separated f r o m its ring-closed 
isomer (13+) b y a n appreciable energy + 
barrier. T h e T S connecting 12+ a n d s 
13+, called T S a , has n o w b e e n located 7 1083 / 
a n d is s h o w n in Figure 2. T h e G 3 l o o s ^ c Q s ^ . e / \ ^ 
、、•.. \ , ' ' 2 .312 ' H • • . 8、、、、 1 ‘ I 
barrier for this ring closure reaction is h x 
117. 
calculated to b e 61.9 kJ m o l ' ^ at 2 9 8 • iio86 4-1-2-3 = -25.6 
H ‘ 5-1-2-3 = 198.8 
K . T h e G 3 result is consistent with 9-4-3-2 = 718 
/-0-2-1 = 1 bU.o 
the finding3i of Polce a n d 
I O ^ 
W e s d e m i o t i s . F i g u r e 2. T h e structure of transition state 
In T S a , the C - C " b o n d " to b e T S a for the cyclization process 12+ - > 13+. 
f o r m e d has a length of 2.312 人， 
shortened f r o m the 2.915 A in 12+. W h e n the cyclization is complete, i.e., w h e n 13+ 
is f o r m e d , this distance b e c o m e s 1.540 A . In a n y event, e v e n t h o u g h 12+ is less 
stable than 13+ b y 77.0 kJ m o l ' ^ it is stable with respect to cyclization to f o r m 13+. 
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C H 3 C H 2 S C H + * (14+ a n d 18+). T h e s e t w o distonic radical cations h a v e very 
similar structures, w h e r e 14+ h a s C , s y m m e t r y a n d 18+ h a s Q s y m m e t r y . T h e 
g e o m e t r y o f 18+ h a s slightly distorted C s s y m m e t r y , w i t h the S ^ - C - H ^ ^ linkage 
located outside the " s y m m e t r y plane." T h e t w o sets o f geometrical p a r a m e t e r s o f 
14+ a n d 18+ are v e r y similar to e a c h other. T h e only glaring difference is in the C ^ -
C i — h I O linkage: it is planar in 14+ a n d non-planar in 18+. A l s o , 18+ is the s e c o n d 
least energetic doublet isomer, w i t h its G 3 Affngg being 1022.9 k J m o l ' ^ but 14+ is 
o n l y 1.5 k J m o l ] higher in e n e r g y than 18+. 
C H 3 C H C H 2 S + . (15+). This methylthiirane (or p r o p e n e sulfide) radical 
cation h a s C i s y m m e t r y . O u r G 3 AHms o f 15+ ( 9 0 0 . 1 kJ mol'^) is in fair a g r e e m e n t 
w i t h the experimental value,^^ 8 8 5 kJ m o \ ' \ This cyclic i s o m e r (15+) is only 40.7 k J 
m o l ] higher in e n e r g y than 4+, the global m i n i m u m . 
I  
C H 2 C H 2 C H S H + - (16+). This cyclopropanethiol radical cation has C s 
s y m m e t r y . T h e linkage is located o n the s y m m e t r y plane a n d orthogonal 
to the t h r e e - m e m b e r e d c a r b o n ring. U n d e r the ring strain, the t w o equivalent C - C 
single b o n d s are lengthened to 1.585 A . 
C H ^ C h 7 s C H 2 ^ (17+). T h e g e o m e t r y o f 17+ has C , s y m m e t r y , with the 
C H 2 m o i e t y o n the s y m m e t r y plane a n d perpendicular to the t h r e e - m e m b e r e d ring. It 
is a distonic radical cation, w i t h the o d d electron m a i n l y located at the out-of-plane 
C H 2 g r o u p . Its calculated A H m s (965.9 kJ mol'^) is 106.5 kJ mol"^ higher than 4+. 
C H 3 C H 2 C ( = S ) H + * (19+). This is the keto i s o m e r o f 3+. Its o x y g e n analog 
h a s b e e n reported in the w o r k o f B o u c h o u x et al. ^^ A l s o , 19+ is a conformational 
i s o m e r o f 6+. Cation 19+ has a 舰 value o f 904.6 kJ m o r \ It is higher in energy 
than 3+ b y 36.4 kJ mol"^ a n d 6+ b y 3.1 kJ m o l ' ^ 
Since there are n o experimental t h e r m o c h e m i c a l data for c o n f o r m e r 6+ a n d 
19+, b o t h w i t h f o r m u l a (C2H5)C(=S)H+., as well as for their respective neutrals, 6 a n d 
1 9 , a n d in order to lend credence to the G 3 results for these species, w e h a v e carried 
out calculations for their l o w e r h o m o l o g s , H C ( = S ) H (thioformaldehyde) a n d its 
radical cation H C ( = S ) H + * , as well as C H 3 C ( = S ) H (thioacetaldehyde) a n d its radical 
cation C H 3 C ( = S ) H ^ * , for w h i c h experimental data are available. T h e G 3 a n d the 
. 18 36 . , 
experimental results ， for these species are listed in Table 2, a n d it c a n b e seen that 
there is excellent a g r e e m e n t b e t w e e n thioformaldehyde a n d its radical cation. 
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Table 2: Gaussian-3 heats of formation (in kJ mol^) at 0 K (Afffo) and 298 K 
( 紐 m s ) for CH2S, CH2S+� C 2 H 4 S and €21X48^* and ionization energies (lEs in 
eV) for CH2S and C 2 H 4 S ; experimental values are given in brackets 
Species S y m m e t r y A H f o A/fepg IE 
^ C H 2 S ^ 118.7 (118 ±8.4)“ n ^ 9.36 (9.376 ± 0.003尸 
C H 2 S + * C2v 1021.7 (1023 ±8.4)“ 1019.1 
C 2 H 4 S Cs 79.5 70.6 (50 士 8 / 8.97 (8.98 士 0 . 0 2 / 
C 2 H 4 S + * Cs 9 3 ^ 
a F r o m Ref. (36). 
^ F r o m Ref. (18). 
O n the other h a n d , the G 3 AH舰 for thioacetaldehyde is calculated to b e 70.6 
kJ m o l ] , not in agreement with the experimental value^^ of 50.8 kJ m o l ] . T o resolve 
this difference, w e turn to the following proton dissociation, w h i c h is similar to the 
case of 4: 
C H 3 C ( = S ) H — H 2 C = C H S - + H + (2) 
for w h i c h the experimental heat of reaction is k n o w n to be 1 4 5 6 ± 14 kJ mol'^^^ A t 
the G 2 + + level, the b J i f m of H 2 C = C H S " is calculated to be -6.0 kJ m o l ' ^ w h i c h is 
within the error bar of the experimental r e s u l t , ^ 8 ± 4 6 kJ mol'\ C o m b i n i n g these 
results with the experimental^^ b J i職 of H + , 1530 kJ m o l ' ^ the l ^ H職 of 
thioacetaldehyde can b e determined to be 68.0 kJ m o l ] , in very g o o d agreement with 
the G 3 result of 70.6 kJ mol'\ S o the current available AHngs for thioacetaldehyde, 
ca. 5 0 kJ mori,i8 is likely to b e underestimated. Furthermore, the lEs of both 
thioformaldehyde a n d thioacetaldehyde are in very g o o d agreement with the 
experimental v a l u e s / A s a result, the reliability of the calculated l ^ H n n a n d IE 
values for R C H S a n d R C H S + * , w h e r e R = H a n d C H 3 , is established. T h e n , w e m a y 
reasonably expect the G 3 results for 6/6+and 19/19+ to be reliable. 
C H 2 C H 2 C H S H + * (20+). This is another distonic species. T h e radical and 
charge sites are clearly located o n the C ^ a n d C ^ carbons, respectively, as s h o w n in 
Figure 1. It has C s y m m e t r y a n d it is less stable than 4+ b y 112.4 kJ mol'\ Its 
o x y g e n analog has b e e n studied b y B o u c h o u x et al. at the M P 2 / 6 - 3 1 G ( d ) level. 
CH3CHCH2S+* (21+). This species, with C\ s y m m e t r y , is the m o s t energetic 
a m o n g the distonic radical cations with a doublet spin state. T h e only cation radical 
that is less stable than 21+ is 22+, w h i c h has a quartet spin state. 
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C H 2 C H 2 C H 2 S + . (22+). Starting with various guess structures o f this distonic 
radical cation, w e w e r e unable to locate a n optimized structure corresponding to 
C H 2 C H 2 C H 2 S + * with a spin doublet state. Instead, w e f o u n d a m i n i m u m with quartet 
spin h a v i n g a structure with C i s y m m e t r y . Its A//f298 is 1151.4 kJ m o \ ' \ indicating 
that it is b y far the least stable CsHeS"^' species f o u n d in this w o r k . In the literature, 
using additivity relationship, the A H m ^ value o f 22+ is estimated to b e < 1 0 4 3 kJ 
mori.3i It is noted that this estimation is p r e s u m a b l y for the doublet state. 
Oxygen Analogs of 10+，12+ and 20+. In order to verify the reliability o f the 
G 3 m e t h o d to study the distonic species, five C 3 H 6 0 + . distonic cations, three isomers 
o f C H 2 C H 2 C H O H + * ( o x y g e n analog o f 20+), o n e isomer of C H s C H i O C H s ^ ' , ( o x y g e n 
analog o f 12+) a n d o n e isomer o f C H s C H O C H i ^ * , ( o x y g e n analog o f 10+) h a v e b e e n 
studied. T h e G 3 a n d the experimental results^^'^^ for these species are listed in Table 
3 a n d their structures are s h o w n in Figure 3. E x a m i n i n g the results in Table 3, it can 
b e seen that there is excellent a g r e e m e n t b e t w e e n the G 3 results a n d the available 
experimental data. H e n c e it m a y b e concluded that the G 3 m e t h o d is applicable for 
this kind o f species. 
Table 3: Gaussian-3 heats of formation (in kJ moF^) at 0 K (AHm) and 298 K 
(Mrf298) for some CaHeO^* distonic isomers 
Species A ^ A N ^ g s A H m s (exp) 
^ 774.1 759.8 
2 4 + 7 8 1 . 9 7 6 7 . 8 
25+ 786.3 772.0 
26+ 844.5 830.8 828^ 
T f c 797.1 783.0 
a F r o m Ref. (20). ^ F r o m Ref. (21). 
‘ T h e G 3 result of 25+ is calculated using M P 2 ( F u l l ) / 6 - 3 1 G ( d ) frequencies. This 
radical ion has o n e imaginary vibrational frequency at the H F level. 
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A n isomeric study has b e e n carried out using for the C 3 H 6 S + * species using 
the G 3 m o d e l o f theory. T w e n t y - t w o C 3 H 6 S + * radical cations h a v e b e e n identified. 
All isomers' geometries h a v e b e e n optimized subject to specified s y m m e t r y 
constraints a n d these stationary points h a v e b e e n characterized b y vibrational 
frequency analysis. In addition, their A H f o a n d A H m s values h a v e b e e n calculated 
a n d s e v e n o f these isomers h a v e their experimental A H m s data in the literature for 
c o m p a r i s o n . T h e G 3 results s h o w that the m o s t t h e r m o d y n a m i c a l l y stable isomer is 
the thioacetone radical cation (4+) with Civ s y m m e t r y , while the m o s t stable C 3 H 6 0 + * 
i s o m e r is the l-propen-2-ol radical cation. T h e G 3 A//f298 values o f 4+ a n d 7+ are 
859.4 a n d 927.8 kJ mol'\ respectively. Therefore, w e r e c o m m e n d their m e a s u r e d or 
c o m p i l e d M i n n values (< 8 2 1 kJ mol"^ for 4+ a n d 9 5 6 kJ mol"^ for 7+) should b e 
r e - e x a m i n e d experimentally. F o r the s e c o n d m o s t stable species, three isomers, 2+ 
a n d 3+ (geometric isomers of 1-propen-1-thiol radical cation), a n d 5+ (methyl vinyl 
sulfide radical cation), h a v e c o m p a r a b l e (within 3 kJ mol'^) AH職 values. F o r the 
remaining cations, the a g r e e m e n t b e t w e e n the G 3 results a n d available experimental 
data ranges f r o m g o o d to excellent. F o r the twenty-two isomers, the order of 
instability is 4+ < 3+ 〜5+ 〜2+ < 1+ < 15+ 〜6+ < 13+ 〜 1 9 + < 10+ < 7+ < 16+ < 9+ < 8+ 
〜 1 7 + < 20+ < 12+ < 11+ < 14+ 〜 1 8 + < 21+ < 22+. Finally, t w o of reactions involving 
12+ a n d 13+ h a v e also b e e n studied with the G 3 m e t h o d a n d the calculated results are 
consistent with the experimental finding: 12+, a distonic radical cation, is stable with 
respect to dissociation to C 2 H 4 + C H i S ^ * a n d cyclization to f o r m 13+, thietane radical 
cation. 
A c c o r d i n g to the G 3 results, w e r e c o m m e n d the literature l ^ H n n values for 4 
(-9 kJ mol-i), C H 3 C ( = S ) H (ca. 5 0 kJ m o \ ' \ C H 2 = C ( S ) C H 3 ' (-19 ± 2 6 kJ mol'^), as 
well as the adiabatic IE of 7, should b e revisited experimentally. 
2.5 Publication Note 
A n article based o n the results reported in this Chapter has n o w appeared: 
L e e , H.-L.; Li, W . - K . ; C h i u , S.-W., Structures a n d Energetics of C s H e S ^ * Isomers: A 
Gaussian-3 ab Initio Study, J. Mol. Struct. (THEOCHEM) 2003, 620, 107. 
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Chapter 3 
A Gaussian-3 Study of the C3H6S Isomers and the Dissociation 
Channels of Diradical •CHzCHzSCH:' and Its Radical Cation 
•CH2CH2SCH2+ 
Abstract 
A G a u s s i a n - 3 ( G 3 ) investigation has b e e n carried out to e x a m i n e 19 C 3 H 6 S 
isomers/conformers. All of t h e m are identified as local m i n i m a o n the MP2(Full)/6-
31 G ( d ) potential energy surface. F o u r of the isomers, C H s ' C H S C H i * , 
•CH2CH2SCIV, • C H s C H i C H S H * a n d • C H s C H s C H z S * , are diradical species. A m o n g 
the 19 isomers, thioacetone, with Civ s y m m e t r y , is the m o s t stable o n e a n d its G 3 
heat o f formation at 2 9 8 K (AHfzg^) is 26.7 kJ mo\'\ T h e next t w o m o s t stable 
isomers are 1 -propen-2-thiol a n d propylene sulfide, w h i c h are 16.4 a n d 17.2 kJ mol'^ 
less stable than thioacetone, respectively. U p o n c o m p a r i n g the calculated results 
with the available experimental data for six of these isomers, it is f o u n d that theory 
a n d experiment are in g o o d a g r e e m e n t with each other. Furthermore, the dissociation 
m e c h a n i s m s of * C H 2 C H 2 S C H 2 * a n d its radical cation * C H 2 C H 2 S C H 2 + h a v e b e e n 
studied with the G 3 m e t h o d . T h e energy profiles for the dissociation reactions are 
reported. T h e s e results are consistent with the m a s s spectroscopic results found in 
the literature. 
3.1 Introduction 
Organosulfur c o m p o u n d s h a v e attracted the attention of chemists for m a n y 
years, as these c o m p o u n d s play a n important role in the atmospheric sulfur cycle. [3 
Also, the dissociation of sulfur c o m p o u n d s is an interesting topic f r o m both the 
experimental a n d theoretical perspectives. In recent papers, w e h a v e reported ab 
initio studies of the C i H s S V C i H a S ^ systems,4 as well as the C 2 H 5 S V C 2 H 5 S + / C 2 H 5 S -
systems.5-10 V e r y recently, w e h a v e completed an investigation^^ o n the structures a n d 
energetics of C 3 H 6 S + * radical cations a n d 2 2 isomers/conformers h a v e b e e n 
identified. T h e isomerization b e t w e e n the thietane radical cation a n d 
• C H 2 C H 2 S C H 2 + has also b e e n considered in this w o r k . " Previously, Polce a n d 
2 4 
* " 1 2 
W e s d e m i o t i s used the metastable ion ( M I ) decomposition, collisionally activated 
dissociation ( C A D ) a n d neutralization-reionization m a s s spectrometry ( N R M S ) to 
determine the stabilities a n d unimolecular reactivities of three C 3 H 6 S + * radical 
cations, * C H 2 C H 2 S C H 2 +， t h i e t a n e radical cation, a n d propylene sulfide radical cation. 
H e n c e , the decomposition processes of * C H 2 C H 2 S C H 2 * a n d * C H 2 C H 2 S C H 2 + b y 
N R M S a n d M I h a v e b e e n carried out, respectively. In order to e x a m i n e the 
structures a n d energetics of the dissociation products, in this w o r k , w e will Gaussian-
1 n 
3 ( G 3 ) m e t h o d to study the following dissociation pathways: 
•CH2CH2SCIV — C2H4 + CH2S (1) 
• C H 2 C H 2 S C H 2 + C2H4 + CH2S+* (2) 
•CH2CH2SCH2+ — •CH3 + C2H3S+ (3) 
T h e results of such studies w o u l d lead to a reliable interpretation of the 
spectra of these ions. F r o m the calculated energy profiles, it is h o p e d that the 
dissociation m e c h a n i s m s can b e understood. In this w o r k , w e also report the 
structures a n d G 3 heats of formation at 0 a n d 2 9 8 K (A//fo a n d h J i m i ) of all the 
C 3 H 6 S isomers/conformers. B a s e d o n the G 3 results of the previously reported 
C 3 H 6 S + * radical cationsu a n d those reported here for C 3 H 6 S , w e can determine the 
adiabatic ionization energies (lEs) of the C 3 H 6 S isomers. 
3.2 Methods of Calculation 
All ab initio molecular orbital calculations reported here h a v e b e e n carried 
out using the Gaussian 98 p a c k a g e of programs. i4 T h e computational m e t h o d s w e 
e m p l o y e d w e r e the aforementioned G 3 level of theory. ^ ^ In this w o r k , the zero-point 
vibrational energy ( Z P V E ) is c o m p u t e d at the H F / 6 - 3 1 G ( d ) level, with a scaling 
factor of 0.8929 for the 19 C 3 H 6 S isomers. For the structures involved in the 
dissociation channels, w e e m p l o y the MP2(Full)/6-31 G ( d ) h a r m o n i c vibrational 
frequencies, scaled b y 0.9661,^^ for the Z P V E correction at 0 K . 
Furthermore, w e also report the adiabatic IE of each C 3 H 6 S isomer. T o 
discuss the bonding in these isomers, natural b o n d orbital ( N B O ) ^ ^ analysis has b e e n 
carried out at the MP2(Full)/6-31 G ( d ) level. 
In this w o r k , s o m e of the C 3 H 6 S isomers thought to be closed-shell species 
but with restricted H F ( R H F ) instability w e r e re-optimized at the UMP2(Full)/6-
3 1 G ( d ) level with the optimized unrestricted ( U H F ) reference w a v e functions as 
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initial g u e s s a n d s u b s e q u e n t single-point calculations for G 3 energies w e r e carried 
out w i t h the U H F f o r m a l i s m . In order to d e t e r m i n e the g r o u n d state o f the diradical 
species, w e h a v e p e r f o r m e d the calculations in close-shell singlet, open-shell singlet 
a n d open-shell triplet spin states. In addition, the a t o m i c spin densities o f these 
diradical species are e x a m i n e d . 
3.3 Results and Discussion 
In o u r previous w o r k o n the C 3 H 6 S + * isomers," w e h a v e u s e d the notation 1+, 
2+，...，etc. to label the radical cations. In the present chapter, w e u s e the notation 1, 
2 , etc. to label the corresponding stable C 3 H 6 S species. In other w o r d s , 1 — 1+ + 
e'’ 2 2+ + e', etc. It is n o t e d that w e h a v e failed to locate the corresponding 
neutrals for cations 9+, 17+, a n d 21+. Additionally, R o m a n n u m e r a l s I, II,..., etc. 
refer to intermediates or fragments f o u n d in the dissociation channels, w h i l e the 
transition structures are d e n o t e d as T S l , TS2,..., etc. 
T h e structural formulas a n d parameters o f all the stable C 3 H 6 S species 
reported in this w o r k , along w i t h their s y m m e t r y point groups, are s u m m a r i z e d in 
Figure 1. T h r o u g h o u t this paper, b o n d lengths are in a n g s t r o m s a n d b o n d angles in 
degrees. T h e calculated G 3 energies (EQ), enthalpies at 2 9 8 K (H29S), I E a n d AHfo 
a n d A//f298 o f all C 3 H 6 S isomers are listed in T a b l e 1. T h e energetics data o f various 
species involved in the dissociations o f ' C H a C E b S C l V (12) a n d * C H 2 C H 2 S C H 2 + 
( 1 2 + ) are s u m m a r i z e d in T a b l e 2. T h e optimized structures o f all species involved in 
the dissociations o f 1 2 a n d 12+ are displayed in Figure 2. T h e respective schematic 
potential e n e r g y surfaces ( P E S s ) for the reactions calculated at the MP2(Full)/6-
3 1 G ( d ) level studied are s h o w n in Figures 3 a n d 4. 
3,3,1 Structures and Energetics of CsHsS Isomers, B a s e d o n the structures 
o f the C 3 H 6 S isomers s h o w n in Figure 1 a n d the energetics data s u m m a r i z e d in Table 
1, w e n o w discuss the properties o f the isomers. 
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Table 1: G3 total energies (£\))，enthalpies (//298)，standard heats of formation at 
0 K {AH(o) and 298 K {AHr298) and adiabatic ionization energies (IE) of the 
C3H6S isomers" 
species 五0 ( G 3 ) H现(G3) AH扔(G3)A//謂(G3) 
species (Hartree) (Hartree) (kJmor^ ) (kJmor丨） 比（ev) 
1 -515.83937 -515.83288 ^ ^ 
2 -515.83704 -515.83036 63.3 49.7 8.51 
3 -515.83665 -515.82993 64.4 50.8 8.47 
4 -515.84569 -515.83914 40.6 
8.31 
5 -515.83055 -515.82389 80.4 ^ ^ ^ ( 8 . 2 ^ 
(/4.U 土 LU) 
6 -515.83705 -515.83087 63.3 48.4 8.84 
7 -515.83145 -515.82492 78.0 J t 9.0f (二^产 
8 -515.76931 -515.76195 241.2 229.3 7.62 
1 0 -515.77072 -515.76296 237.5 226.7 7.17 
1 1 -515.76210 -515.75532 260.1 246.7 7.78 
12 -515.73561 -515.72803 329.6 6.78 
13 -515.82967 -515.82433 82.7 (,0.6^1.4/ (8.61/ 
14 -515.76417 -515.75851 254.7 238.4 8.12 
43 9 8 87 
15 -515.83828 -515.83256 60.1 (45 I± 2 1)' (8 7 / 
16 -515.81827 -515.81227 112.6 97.2 8.71 
1 8 - 5 1 5 . 7 6 5 2 3 - 5 1 5 . 7 5 8 6 6 2 5 1 . 9 2 3 8 . 0 8 . 1 4 
19 -515.83680 -515.83047 64.0 49.4 8.86 
2 0 - 5 1 5 . 7 3 7 0 2 - 5 1 5 . 7 2 9 5 7 3 2 5 . 9 3 1 4 . 3 6 . 8 1 
2 2 -515.74735 -515.74057 298.8 285.5 8.97 
a T h e G 3 electronic energy reported is corrected with H F / 6 - 3 1 G ( d ) frequencies, 
scaled b y 0.8929. Experimental values, w h e r e available, are given in brackets. 
b F r o m Ref. (18). ‘ F r o m Ref. (17). “ F r o m Ref. (19). ‘ F r o m Ref. (20). 
了 F r o m Ref. (21). ^ F r o m Ref. (22). “ F r o m Ref. (24). 
Acyclic closed-shell isomers (1-7，and 19). Isomer 1, 1 -propen-2-thiol, has 
C\ s y m m e t r y a n d is the second m o s t stable isomer. Energetically, it is 16.4 kJ mol"^ 
9 1 
a b o v e the m o s t stable isomer, thioacetone (4). F r o m the N B O analysis, 1 has a C = C 
double b o n d a n d a C ^ - S ^ single b o n d , while, from the previous study o n 1+, there is 
o i l 9 
partial double b o n d character a m o n g a t o m s 
C\ and S o the C ' - C " b o n d 
length (1.340 人）in 1 is shorter than that in its corresponding radical cation 1+, 1.391 
A . A t the s a m e time, the C^-S^ b o n d length (1.779 人）in 1 is significant longer than 
that o n e in 1+, 1.699 A . In 1+, there is a plane of s y m m e t r y . W i t h 1+ gaining an 
3 0 
electron to b e c o m e 1, b o n d C ^ - S ^ n o longer lies o n the plane o f s y m m e t r y o f 1+. 
H e n c e 1 h a s C\ s y m m e t r y . 
N e x t , t w o conformers, Z - ( 2 ) a n d E-stereoisomer (3) o f 1-propen-1-thiol h a v e 
b e e n f o u n d a n d both h a v e C\ s y m m e t r y . T h e structural parameters o f these t w o 
c o n f o r m e r s are very similar. H e n c e they h a v e c o m p a r a b l e stability, with 2 a n d 3 
being 23.0 a n d 24.1 kJ mol'^ less stable than 4 , respectively. 
Thioacetone, 4, is the m o s t stable a m o n g the C s H e S isomers identified in this 
w o r k . T h e calculated G 3 A N f o a n d AHfigs values are 40.6 a n d 26.7 kJ m o l ' ^ 
respectively. In our previous paper,!】观 h a v e discussed the difference b e t w e e n the 
experimental thermal data (A//f a n d lE)^^'^^ of 4 a n d our G 3 results. T h e m a i n 
conclusion o f that discussion is that the G 3 M i f m value for (26.7 kJ m o l ] ) 4 should 
b e m o r e reliable than the experimental estimate (-9 kJ mol'^).^^ Furthermore, the 
calculated G 3 vertical (8.68 e V ) a n d adiabatic (8.63 e V ) lEs o f 4 are very similar a n d 
they are in g o o d a g r e e m e n t with the experimental value (8.6 e V ) ] ? B o t h 4 a n d 4+ 
h a v e Civ s y m m e t r y . 
M e t h y l vinyl sulfide, 5, has C\ s y m m e t r y . W h e n o n e electron is r e m o v e d 
f r o m 5 to f o r m 5+, the s y m m e t r y changes f r o m C\ to Q . T h e G 3 A//f298 of 5 (66.7 kJ 
mol-i) is in fairly g o o d a g r e e m e n t with the experimental value o f 74.0 士 1.0 kJ 
m o r " 9 D u e to the absence of the experimental adiabatic IE o f 5, so w e can only 
c o m p a r e our calculated vertical IE with the experimental values f o u n d in the 
literature.i9，20 O u r G 3 vertical IE (8.28 e V ) is in better a g r e e m e n t with the estimated 
value o f Lias et al. ^^ (8.2 e V ) than that reported b y S c h w e i g et al•说(8.45 e V ) . T h e 
results o f N B O analysis for 5 indicate that there is hyperconjligation b e t w e e n the 
lone pair orbital (！！兀⑶）and the orbital, w h i c h has the effect of 
lengthening the C - C ^ b o n d a n d shortening the C ^ - S ^ b o n d . T h u s , the C ^ - S ^ b o n d 
length (1.759 A ) is slightly shorter than C ^ - S ^ (1.809 A ) . In addition, the 
corresponding hyperconj ligation in 5+ is m o r e p r o n o u n c e d than that in 5. A s a result, 
so the C - C ^ b o n d in 5+ (1.365 人）is longer than the C - C ^ b o n d in 5 (1.338 A ) . 
T w o conformers of thiopropanal (or propanethial), 6 a n d 19 , belonging to 
different s y m m e t r y groups h a v e b e e n found. Isomer 6 has Q s y m m e t r y a n d 1 9 has 
C\ s y m m e t r y . In addition, 6 a n d 19 are the keto forms of 2 a n d 3, respectively. In 
both cases, the keto isomers are m o r e stable than their corresponding enol isomers. 
T h e G 3 M i n n (48.4 kJ mol"^) of 6 is 1.0 kJ mol"^ lower than its conformer 1 9 (49.4 
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kJ mol"^). In our previous paper, w e studied s o m e h o m o l o g s o f thiopropanal a n d 
the reliability o f our G 3 calculation o n the conformers o f the thiopropanal is 
c o n f i r m e d . 
Allyl m e r c a p t a n (or 2-propen-l-thiol), 7, has C i s y m m e t r y . W e h a v e 
discussedii the discrepancy b e t w e e n the G 3 thermal data (AHf a n d IE) o f 7 with the 
(estimated) experimental results f o u n d in the literature. A s a s u m m a r y , our 
calculated A H n g ^ value (64.0 kJ mol"^) is in excellent a g r e e m e n t with the result 
c o m p i l e d b y Lias et al. (64.0 士 9.0 kJ mol"^).^^ T h e G 3 adiabatic a n d vertical IE are 
calculated to b e 8.95 e V a n d 9.33 e V , respectively. T h e G 3 vertical IE is in fair 
a g r e e m e n t with the experimental values?^'^^ 
Acyclic open-shell isomers (8，11，14，and 18). Structures of these four 
isomers w e r e f o u n d to b e unstable with R H F instability a n d their subsequent 
calculations for G 3 energies w e r e carried out with U H F formalism. H o w e v e r , their 
calculated G 3 l ^ n n values based o n R H F a n d U H F formalism are very close to 
e a c h other. T h e difference is within 1 to 2 kJ mol''. S o w e just present the G 3 
results b a s e d o n U H F formalism in here. In addition, all the spin contaminated < S ^ > 
values for these species are ca. 0.3. Their G 3 A//f298 values range f r o m 229.3 to 
246.7 kJ mol-i. I s o m e r 8, 1 -methylthio-ethylidene, has Q s y m m e t r y a n d < S ^ > value 
o f about 0.21. A m o n g these four isomers, 8 has the lowest G 3 A//g98, 229.3 kJ 
mol'\ w h i c h is about 2 0 2 kJ mol"^ less stable than 4. Species 11 has Q s y m m e t r y 
a n d value of about 0.33. Energetically, it is 220.0 kJ m o l ] higher than 4. 
T w o conformers of CH3CH2SCH, 14 a n d 18, h a v e b e e n found. Their 
structures are similar: 14 has Q s y m m e t r y a n d 1 8 has C\ s y m m e t r y . T h e difference 
arises f r o m that the S ^ - C ^ - H ^ ^ linkage of 1 8 is n o longer o n the " s y m m e t r y plane." 
T h e G 3 A//f298 values of 14 a n d 1 8 are essentially the s a m e : both are about 211 kJ 
m o l ] higher than 4. 
Diradical isomers (10，12, 20，and 22). F o u r diradical isomers of C 3 H 6 S 
h a v e b e e n identified. Their G 3 M i n n range f r o m 226.7 to 318.4 kJ m o l ' ^ Diradical 
isomer 10 has its R H F function unstable o n conversion to U H F function, w h i c h has 
C\ s y m m e t r y a n d the <炉> value of 0.883. This U H F function represents a mixture 
of singlet a n d triplet states. It is the m o s t stable a m o n g four diradical species, about 
2 0 0 kJ mol-i less stable than 4. In the open-shell singlet calculation, the t w o 
unpaired electrons of 10 are m a i n l y localized at a t o m s C ^ a n d C"^, with a- a n d /?-spin 
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densities o f 1.05 a n d - 1 . 0 5 , respectively. F r o m the N B O analysis,^^ there is partial 
d o u b l e b o n d character in the C ^ - S ^ a n d C^^-S^ b o n d s . 
T h e distonic radical cation 12+ h a s b e e n generated b y P o l c e a n d W e s d e m i o t i s 
in 1996.12 W h e n w e apply close-shell calculation to 1 2 , the cleavage o f the b o n d C ^ -
Si takes place a n d f r a g m e n t s C 2 H 4 a n d C H 2 S are f o r m e d . W h e n w e carried out the 
open-shell structure calculation, w e f o u n d that 1 2 c a n b e either spin triplet ( ^ A ) or 
singlet ( 1八 ) . S i n c e favorable e x c h a n g e interactions in the triplet state are absent in 
the open-shell singlet state, the f o r m e r is usually l o w e r in e n e r g y ? ^ W e h a v e f o u n d 
that the open-shell triplet is 1.8 k J mol"^ l o w e r in e n e r g y than open-shell singlet at the 
G 3 level. T h i s open-shell singlet h a s a n value close to 1, so it is also a m i x t u r e 
o f singlet a n d triplet states. H o w e v e r , w e n e e d to note that D a v i d s o n et al h a v e 
illustrated that in regions o f the P E S h a v i n g a triplet g r o u n d state, unrestricted 
calculations for open-shell singlet p r o d u c e s a p o o r a p p r o x i m a t i o n to the triplet 
e n e r g y a n d R H F calculations are a l w a y s unstable.24 Nevertheless, the G 3 A//f298 
values for these cases are still in g o o d a g r e e m e n t w i t h experimental values. T h e 
triplet spin state M{舰,318.4 kJ mol'\ is in g o o d a g r e e m e n t w i t h the value 
estimated b y additivity, 3 2 4 kJ This a g r e e m e n t b e c o m e s e v e n better if w e 
calculate Z P V E correction using the scaled M P 2 ( F u l l ) / 6 - 3 1 G ( d ) frequencies, as the 
A//f298 value n o w b e c o m e s 327.1 kJ m o l ' ^ T h e t w o unpaired electrons o f 1 2 are 
m a i n l y localized at a t o m s C ^ a n d C"^, w i t h a-spin densities o f 1.13 a n d 1.24, 
respectively. In addition, the〈S:〉value o f 1 2 is 2.03. T h e dissociation channels o f 
1 2 a n d 12+ will b e discussed later. 
T h e case o f species 2 0 is similar to that o f 1 2 . W e h a v e obtained the structure 
o f 2 0 b o t h in open-shell singlet a n d triplet spin states. T h e g r o u n d state o f this 
species is f o u n d to b e the triplet state, with calculated IsHnn being 314.3 kJ mol'\ 
T h e singlet-triplet energy separation (五st) is 2.1 kJ mol'\ T h e t w o unpaired 
electrons o f 2 0 are m a i n l y localized at a t o m s C ^ a n d C ^ , with a-spin densities o f 1.27 
a n d 1.14, respectively. F o r the final diradical species, 2 2 , w e could not locate its 
structure w h e n applied the closed-shell a n d the open-shell singlet calculations. 
Fortunately, the species with triplet spin state is successfully located a n d the G 3 
A//f298 is 285.5 kJ mol'\ T h e t w o unpaired electrons o f 2 2 are m a i n l y localized at 
a t o m s si a n d C * , with a-spin densities o f 1.02 a n d 1.27, respectively. 
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Cyclic isomers (13，15, and 16). Three cyclic C3H6S neutrals, 13, 15, and 
16, h a v e b e e n found. T h e thietane, 13, has a f o u r - m e m b e r e d ring. It has Cs 
s y m m e t r y a n d is 38.8 kJ mol"^ higher in energy than 4. T h e calculated M i 舰 a n d IE 
o f 1 3 are 65.5 kJ mol"^ a n d 8.69 e V , respectively, in g o o d a g r e e m e n t with the 
experimental values 60.6 士 1.4 kJ mol"^ a n d 8.61 eV.'^ O n the other h a n d , propylene 
sulfide, or methylthiirane, 15, is the m o s t stable cyclic C 3 H 6 S i s o m e r found. Its G 3 
A//f298 value is 43.9 kJ m o l ' ^ in excellent a g r e e m e n t with the experimental value, 
45.8 士 2.1 kJ m o r " 9 Energetically, it is just 17.2 kJ mol"^ less stable than 4. T h e 
last isomer, 1 6 , cyclopropanethiol, has C s y m m e t r y . It has a t h r e e - m e m b e r e d carbon 
ring with a m e r c a p t o g r o u p linked at C ^ a n d this group is orthogonal to the plane of 
the t h r e e - m e m b e r e d ring. It is 70.5 kJ mol"^ less stable than 4 . 
3.3.2 Dissociation Channels of 12 and 12^. In this section, w e consider the 
three dissociation reactions involving 1 2 a n d 12+. T h e structures o f the species 
involved in the dissociation reactions are s h o w n in Figure 2 a n d the energetics data 
s u m m a r i z e d in Table 2. 
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F i g u r e 2. T h e optimized structures o f the species involved in the dissociation 
reactions o f . C H s C H z S C l V (12) a n d •CH2CH2SCH2+ (12+) at MP2(Full)/6-
31 G ( d ) level. All b o n d lengths are in a n g s t r o m s a n d b o n d angles in degrees. 
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F i g u r e 2. (Continued). 
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Table 2: MP2(Full)/6-31G(d) energies, G3 total energies (£'o), enthalpies (^ 7298), 
standard heats of formation at 0 K (AHfo) and 298 K (Ai^n98) of species involved 
in the dissociation of .CHbCHiSCHs.Cl!) and •CH2CH2SCH2 (12 )“ 
S n e d e s E ( M P 2 ) E o ( G 3 ) 历 9 8 ( G 3 ) A H f , ( G 3 ) A H n n ( G 3 ) 
P (Hartree) (Hartree) (Hartree) (kJ mol'^) (kJ mol'^) 
？二 2 C H 2 S C H 2 _515.00394 -515.73203 -515.72470 339.0 3 二 \ 
(12) 
- 5 1 4 . 7 7 1 3 5 - 5 1 5 . 4 7 7 0 6 - 5 1 5 . 4 7 0 5 1 1 0 0 8 . 5 (12 ) {yyyj) 
C2H4 (I) -78.03106 -78.50601 -78.50200 (52 I F 
120 3 
CH2S (II) -436.77044 -437.28505 -437.28117 o .^e 117.5 (i 1 o ± 0.4) 
III -515.00299 -515.73143 -515.72403 334.6 328.9 
I V -515.00457 -515.73466 -515.72738 332.1 320.1 
CH2S • ( V ) -436.20874 -436.94044 -436.93653 ^ y 1022.4 
V I -514.78894 -515.50227 -515.49560 942.3 928.6 
V I I -514.78407 -515.48967 -515.48278 975.4 962.3 
Q07 4 
15+ -514.81717 -515.50947 -515.50370 923.4 二二d 
(00 j j 
CiHsS"^ (VIII) -475.03697 - 4 7 5 . 6 2 7 2 9 -475.62301 1012.0 1005.4 
149 6 147 1 
• C H 3 ( I X ) -39.67303 -39.79144 -39.78733 ( ^ ^ ^ O ) " ( 1 4 ^ 8 ± i f 
T S l -514.99775 -515.72474 -515.71797 358.2 344.8 
T S 2 ^ -514.99872 -515.74447 -515.73790 306.4 292.5 
T S 3 -514.72159 -515.44364 -515.43757 1096.2 1081.0 
T S 4 -514.78404 -515.49100 -515.48480 971.9 957.0 
a T h e G 3 electronic energy reported is corrected with MP2(Full)/6-31 G ( d ) 
frequencies, scaled b y 0.9661. Experimental values, w h e r e available, are given in 
brackets. 
b F r o m Ref. (24). ‘ F r o m Ref. (11). “ F r o m Ref. (19). ‘ F r o m Ref. (27). 
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Figure 3. Potential energy surface s h o w i n g the possible m e c h a n i s m for dissociation 
• C H i C H i S C H i ' -> C 2 H 4 + CH2S calculated at the MP2(Full)/6-31 G ( d ) level. T h e 
G 3 energy o f transition structure T S 2 is discussed in detail in the text. 
•CH2CH2SCH/ (12) -> C2H4 (I) + CH2S (II). (1) 
T h e P E S for this dissociation calculated at the MP2(Full)/6-31 G ( d ) level is s h o w n in 
Figure 3. It is seen that 1 2 first transforms to III, w h i c h is the singlet spin state of 
12. T h e n , 12 undergoes a small conformational c h a n g e to f o r m I V via transition 
structure, T S l . T h e n , cleavage of the S ^ - C ^ b o n d via T S 2 leads to the formation of 
products C2H4 (I) a n d C H 2 S (II). This T S 2 h a v e b e e n identified at the MP2(Full)/6-
31 G ( d ) level a n d this structure exhibits o n e imaginary vibrational frequency. T h e 
1 3 
m a j o r c o m p o n e n t of this vibrational m o d e is the stretching of the S — C b o n d . A t the 
M P 2 ( F u l l ) / 6 - 3 1 G ( d ) level, T S 2 is less stable than I V b y 15.4 kJ m o l : H o w e v e r , the 
G 3 energy o f T S 2 is calculated to b e 27.6 kJ mol'' lower than that of I V . S u c h an 
a n o m a l y that a T S is lower in energy than the local m i n i m a to w h i c h it connects has 
b e e n discussed previously. T h e fact that the T S is lower in energy than the reactant 
or the product suggests that the transition states m a y disappear at this level, i.e. I V 
m a y dissociate into I a n d II without activation at the Q C I S D ( T ) / 6 - 3 1 G ( d ) level. In 
the present case, this result arises f r o m the curiously l o w value of the Q C I S D ( T ) / 6 -
31 G ( d ) single-point in the calculation of the G 3 energy of T S 2 . If w e consider the 
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other four single-points of the G 3 calculation individually, w e find that T S 2 is less 
stable than I V b y 8.0, 8.2, 62 a n d 12.0 kJ mol"' at the levels o f M P 4 / 6 - 3 1 G ( d ) , 
M P 4 / 6 - 3 1 + G ( d ) , M P 4 / 6 - 3 1 G ( 2 d f , p ) a n d MP2(Full)/G3large, respectively. T h u s , if 
w e ignore the a n o m a l o u s Q C I S D ( T ) / 6 - 3 1 G ( d ) single-point, w e m a y say that T S 2 is 
about 8.0 kJ mol"^ a b o v e I V in energy. In a n y event, the elementary step involving 
T S 2 is N O T the rate-determining step a n d the overall energy barrier for this 
dissociation calculated at the MP2(Full)/6-31 G ( d ) a n d the G 3 levels are 16.3 a n d 
17.7 kJ m o r \ respectively. T h e results reported here is consistent with the 
conclusion o f Polce a n d W e s d e m i o t i s that dissociation reaction (1) should proceed 
w i t h a small energy barrier. N e x t , 
•CH2CH2SCH2+ (12+) C2H4 (I) + CH2S+* (V). (2) 
It is o f interest to c o m p a r e the neutral dissociation, reaction (1), with the ionic 
fragmentation, reaction (2). A s seen f r o m Figure 3, reaction (1) is exothermic, with 
heat o f reaction being 153.5 kJ m o r \ H o w e v e r , the reaction (2) is endothermic b y 
about 8 4 kJ m o l ' ^ W e did not locate a n y T S for this fragmentation. S o this reaction 
involves only the cleavage of the S - C b o n d , as suggested b y Polce a n d 
12 
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F i g u r e 4. Potential energy surface s h o w i n g the possible m e c h a n i s m for fragmentation 
•CH2CH2SCH2+ C2H3S++ . C H s calculated at the MP2(Full)/6-31G(d) level. 
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•CH2CH2SCH2+ (12+) -> C2H3S+ (VIII) + •CH3 (IX). (3) 
T h e e n e r g y profile o f reaction (3) calculated at the M P 2 ( F u l l ) / 6 - 3 1 G ( d ) level 
is s u m m a r i z e d in Figure 4. It is seen that 12+ first u n d e r g o e s h y d r o g e n shift via T S 3 
to f o r m intermediate V I . T h e n V I c h a n g e s its conformation to b e c o m e another 
intermediate, V I I . F r o m Figure 4, w e m a y notice that at the MP2(Full)/6-31 G ( d ) 
level, T S 4 is less stable than V I I b y 0.1 kJ m o V K A t the G 3 level, T S 4 is lower in 
energy than V I I b y 5 kJ m o \ ' \ S u c h a n a n o m a l y that a T S is slightly l o w e r in energy 
than the local m i n i m u m has b e e n discussed a b o v e in relation with the T S 2 o f 
reaction (1). N e x t , V I I u n d e r g o e s ring closure, forming a C - S b o n d a n d b e c o m i n g 
the propylene sulfide radical cation (15+) in the process. T h e final step is a direct 
cleavage o f the C - C b o n d in 15+ w h i c h yields products C2H3S+ (VIII) a n d ' C H s 
( I X ) . This step appears not to involve a n y T S , as attempts to locate a n y T S 
corresponding to this process w e r e not successful. A s m a y b e seen f r o m the data 
s u m m a r i z e d in Table 2, the MP2(Full)/6-31 G ( d ) a n d G 3 energetics for this reaction 
(aside f r o m T S 4 ) are very similar. Experimentally, in the M I reaction o f 12+, 
fragments VIII a n d IX are f o u n d to b e the p r o m i n e n t products. S o the G 3 results are 
consistent with the experimental findings. 
3.4 Conclusion 
A p p l y i n g the G 3 m e t h o d , w e h a v e carried out a structural a n d energetics 
study for the C s H g S isomers. A t the M P 2 ( F u l l ) / 6 - 3 1 G ( d ) level, 19 C s H g S 
isomer s/conformers are identified. T h e structures a n d the AHf a n d lEs values o f the 
C 3 H 6 S isomers are reported. T h e m o s t stable C 3 H 6 S isomer is thioacetone (4), w h i c h 
has C2v s y m m e t r y . Its A/fegg is 26.7 kJ mol'\ T h e next t w o m o s t stable isomers are 
the l-propen-2-thiol (1) a n d propylene sulfide (15). T h e y are 16.4 a n d 17.2 kJ mol'^ 
less stable than 4, respectively. T h e g r o u n d state of 12, 2 0 , a n d 2 2 are triplet spin 
states, not a closed-shell singlet. T h e remaining species are singlets. T h e overall 
agreements b e t w e e n the G 3 results a n d available experimental data range f r o m g o o d 
to excellent. In addition, the dissociation m e c h a n i s m s of* CH2CH2SCH2* (12) a n d its 
radical cation • C H 2 C H 2 S C H 2 + (12+) h a v e b e e n studied using the s a m e theoretical 
m e t h o d . It is found that the dissociation of 1 2 to yield C 2 H 4 a n d C H 2 S involves t w o 
T S s . O n the other h a n d , the dissociation of 12+ to f o r m C 2 H 4 a n d CH2S+* involves 
n o T S . Finally, the m e c h a n i s m for the dissociation of 12+ into C - C H 2 C H S + a n d ' C H s 
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involves a total o f three T S s . T h e s e G 3 results are consistent with the m a s s 
spectroscopic data f o u n d in the literature. 
3.5 Publication Note 
A n article b a s e d o n the results reported in this Chapter has b e e n accepted for 
publication: L e e , H , L . ; Li, W . - K . ; C h i u , S , W . , A Gaussian-3 S t u d y o f the C 3 H 6 S 
I s o m e r s a n d the Dissociation C h a n n e l s of Diradical * C H 2 C H 2 S C H 2 * a n d Its Radical 
Cation •CH2CH2SCH2+, J. Mol Struct. (THEOCHEM) 2 0 0 3 , 629, 237. 
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Chapter 4 
Computational Study on the Electrocyclic Reactions of [16]Annulene 
Abstract 
T h e electrocyclic reactions of [16]annulene h a v e b e e n investigated b y ab 
initio a n d D F T calculations. A m o n g the six conformers of [16]annulene identified, 3, 
w i t h C s s y m m e t r y , is taken as the starting reactant for the cyclization reactions o f 
16]annulene, e v e n t h o u g h it is 31.4 kJ m o r ^ less stable than the m o s t stable 
c o n f o r m e r , 1. T h e p a t h w a y s o f the electrocyclic reactions f r o m reactant 3 to t w o 
tricyclic products, 5 a n d 6 , h a v e b e e n found. All p a t h w a y s identified are stepwise, 
i.e., the t w o ring closure processes occur o n e after the other. A m o n g the p a t h w a y s 
f o u n d , the o n e s with the lowest overall barrier for reactions 3 — 5 a n d 3 — 6 h a v e 
the s a m e rate-determining step a n d h e n c e the s a m e overall barrier, 131.0 kJ mol'K 
T h u s , b a s e d o n the barriers calculated, it is not possible to determine w h e t h e r 5 or 6 
is the d o m i n a n t product in the cyclization reaction of 3. 
4.1 Introduction 
T h e pericyclic reactions f o r m o n e o f the m a j o r classes of organic reactions. 
T h e r e are three m a i n types o f pericyclic processes: electrocyclic reactions, 
cycloaddition reactions a n d sigmatropic rearrangements. In the past t w o decades, the 
pericyclic reactions of s o m e [njannulenes (n = 8, 10, 14, 18) h a v e b e e n studied 
experimentally a n d theoretically quite extensively a n d successfully/''° T h e s e studies 
revealed unusual differences in these molecules' behaviour in relation to their 
7 9 
aromaticity. R z e p a a n d his group ‘ h a v e investigated the M o b i u s [8]annulenes a n d 
their derivatives. Also, they found that s o m e of the pericyclic reactions of 
njannulenes (n = 10 a n d 14) proceed via a p a t h w a y with concerted b o n d formation, 
i.e., these molecules exhibit trimerous behaviour. 
Before studying the reactions of [16]annulene, let us first focus o n its various 
conformations. In 1961, [16]annulene w a s synthesized for the first time.^ H o w e v e r , 
the conformation of the product w a s not revealed. Later, 0 t h a n d co-workers'^ 
prepared 1 b y photolysis of the cyclooctatetraene dimer. T h e structure of 1 w a s 
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c o n f i r m e d b y x-ray crystallography.^ A less stable isomer 2 w a s suggested to b e in 
equilibrium with 1 in solution.^ 
L 1 - / S 
1 2 
F r o m the experimental evidence,4 a tricyclic species w a s f o r m e d f r o m the 
heating o f 3 , but it w a s not k n o w n w h e t h e r this reaction w a s concerted or stepwise. 
Furthermore, 5, with t w o bridgehead h y d r o g e n s pointing in o n e direction a n d the 
remaining t w o pointing in the opposite direction, w a s taken as the d o m i n a n t product 
b y these authors’* If this reaction is stepwise, there are t w o possible w a y s for the 
s e c o n d step: it c a n b e in the s a m e or in the opposite sense relative to the first. In 
other w o r d s , tricyclic species 6, with four bridgehead h y d r o g e n s pointing in the s a m e 
direction, is also a possible product. S o R z e p a a n d his g r o u p carried out further 
investigation o n this reaction computationally a n d they located an electrocyclic 
transition structure ( T S ) linking 3 a n d the bicyclic intermediate 7 at the H F / 6 - 3 1 G 
level, i.e., the T S for the first step o f the aforementioned stepwise reaction. 
H o w e v e r , they did not locate the T S of either of the t w o possible s e c o n d steps o f this 
stepwise reaction. A l s o , they did not identify the T S for the concerted reaction 
b e t w e e n reactant 3 a n d product 5 or 6. O n the other h a n d , they f o u n d that 6 is 
t h e r m o d y n a m i c a l l y m o r e stable than 5 a n d h e n c e they contended that 6, not 5, should 
b e the d o m i n a n t actual product of this reaction. 
y ——-「 T ] or f J 
v . . / 
3 5 6 
In the present w o r k , w e carried out ab initio a n d density functional theory 
( D F T ) calculations o n the concerted as well as stepwise electrocyclic reactions of 
16]annulene. It is noted that a m o n g the conformers of [16]annulene found, only 3 
has the m o s t appropriate conformation to u n d e r g o electrocyclic reactions to f o r m the 
tricyclic product 5 or 6. S o w e h a v e chosen 3 as the starting reactant of these 
reactions. W e h o p e that these computational results will shed s o m e light o n the 
original experimental observations'^ regarding the electrocyclic reactions of 
'16]annulene. 
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4.2 Methods of Calculation 
All a b initio molecular orbital calculations reported here w e r e carried out 
using the G a u s s i a n 9 8 p a c k a g e o f programs. T h e molecular structures for all the 
species w e r e optimized at the restricted H F / 6 - 3 1 G ( d ) a n d B 3 L Y P / 6 - 3 1 G ( d ) levels. 
16 T h e corresponding H F / 6 - 3 1 G ( d ) a n d B 3 L Y P / 6 - 3 1 G ( d ) h a r m o n i c vibrational 
frequencies, scaled b y 0.8929 a n d 0 . 9 6 1 4 ^ ^ respectively, w e r e applied for zero-point 
vibrational energy ( Z P V E ) corrections to obtain the total energies at 0 K (Eq 二 Eq + 
Z P V E ) . In addition to these t w o theoretical levels, the relative energies for all the 
species studied h a v e also b e e n calculated at the M P 2 ( F u l l ) / 6 - 3 1 G ( d ) level, based o n 
the B 3 L Y P / 6 - 3 1 G ( d ) geometry; these relative energies also include scaled B 3 L Y P / 6 -
3 1 G ( d ) Z P V E s . In this paper, w e use the notation 1, 2 , ..., etc. to label the stable 
species found. All these structures h a v e only real vibrational frequencies. 
Additionally, m a n y T S s of reactions h a v e b e e n identified a n d they are denoted as 
T S a , T S b , etc. F o r each T S found, its “reactants” a n d "products" w e r e 
c o n f i r m e d b y intrinsic reaction coordinate ( I R C ) calculations. 
4.3 Results and Discussion 
Table 1 lists the total energies Eq a n d relative energies AE for all the 
stationary structures calculated in this w o r k . Fig. 1 s h o w s the structures o f all the 
stable species studied in this w o r k , while the structures of all the T S s located are 
displayed in Fig. 2. A m o n g the 13 stable species displayed in Fig.l, 1-4, 8 a n d 9 
represent conformers of [16]annulene, 7 a n d 10-13 are bicyclic intermediates for the 
electrocyclic reactions of 3, while 5 a n d 6 are the tricyclic products of these 
reactions. Figs. 3 a n d 4 s h o w the schematic B 3 L Y P / 6 - 3 1 G ( d ) potential energy 
surfaces ( P E S s ) for reactions 3 — 6 a n d 3 — 5, respectively. In the courses of these 
t w o reactions, bicyclic intermediates 7, 10 a n d 11 h a v e b e e n identified. T h e 
schematic reaction p a t h w a y s linking bicyclic intermediates 7 a n d 10 are s h o w n in 
Fig. 5. Since the structure of 11 is very different f r o m those of 7 a n d 10, w e did not 
attempt to find the p a t h w a y linking 11 with 7 or 10. 
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Figure 1. T h e structures of the stable species studied in this w o r k optimized at the 
B 3 L Y P / 6 - 3 1 G ( d ) level. All b o n d lengths are in angstroms. 
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Figure 2. T h e structures of the transition structures studied in this w o r k optimized at 
the B 3 L Y P / 6 - 3 1 G ( d ) level. All b o n d lengths are in angstroms. 
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Table 1: Total energies £'0, in hartrees, for stationary structures calculated at 
the restricted HF/6-31G(d), B3LYP/6-31G(d) and MP2(Full)/6-31G(d) levels; 
relative energies, in kJ mol \ are given in brackets 
“Species H F / 6 - 3 1 G ( d f B 3 L Y P / 6 - 3 1 G ( d ) ' M P 2 ( F u l l ) / 6 - 3 1 G ( d f ~ 
1 - 6 1 4 . 8 1 7 4 4 (-34.2) - 6 1 8 . 9 5 5 5 7 (-31.5) - 6 1 6 . 9 1 3 7 3 (-39.1) 
2 - 6 1 4 . 8 1 0 9 8 (-17.3) - 6 1 8 . 9 5 2 2 2 (-22.7) - 6 1 6 . 9 1 3 2 9 (-38.0) 
3 - 6 1 4 . 8 0 4 4 0 (0.0) - 6 1 8 . 9 4 3 5 9 (0.0) - 6 1 6 . 8 9 8 8 2 (0.0) 
4 - 6 1 4 . 8 0 6 9 2 (-6.6) - 6 1 8 . 9 4 5 0 7 (-3.9) - 6 1 6 . 9 0 4 1 2 (-13.9) 
5 -614,81791 (-35.5) - 6 1 8 . 9 4 0 1 7 (9.0) - 6 1 6 . 9 3 4 4 2 (-93.5) 
6 -614.82261 (-47.8) - 6 1 8 . 9 4 3 5 2 (0.2) - 6 1 6 . 9 3 6 8 0 (-99.7) 
7 - 6 1 4 . 7 9 4 3 5 (26.4) - 6 1 8 . 9 2 5 1 0 (48,5) - 6 1 6 . 9 0 5 0 8 (-16,4) 
8 -614,80071 (9.7) -618,94083 ( 7 3 ) - 6 1 6 . 8 9 9 2 7 ( A 2 ) 
9 - 6 1 4 . 7 9 4 8 8 (25.0) - 6 1 8 . 9 2 7 3 7 (42.6) - 6 1 6 , 8 9 2 4 7 (16,7) 
1 0 - 6 1 4 . 7 8 6 1 5 (47.9) - 6 1 8 . 9 1 3 5 6 (78,8) - 6 1 6 . 8 9 9 6 7 (-2.2) 
1 1 -614.78523 (50.3) -618.91848 (65.9) - 6 1 6 . 8 9 8 9 5 (-0.3) 
1 2 - 6 1 4 . 7 8 8 1 4 (42.7) -618.91690 (70.1) - 6 1 6 . 9 0 0 0 0 (-3.1) 
1 3 - 6 1 4 . 7 9 6 2 0 ( 2 1 . 5 ) - 6 1 8 . 9 2 5 1 7 ( 4 8 . 4 ) - 6 1 6 . 9 0 8 5 9 ( - 2 5 . 6 ) 
T S a - 6 1 4 . 7 3 3 7 9 (185.4) -618.89370 (131.0) - 6 1 6 . 8 6 6 0 2 (86.1) 
T S b -614.75275 (135.6) - 6 1 8 . 9 0 6 2 2 (98.1) - 6 1 6 . 8 9 3 3 9 (14.3) 
T S c ^ - 6 1 4 . 6 8 2 8 6 (319.1) -618.86640 (202.7) -616.84638 (137.7) 
T S d "614.79824 (16.2) -618,93642 (18.8) - 6 1 6 . 8 9 4 7 9 (10。6) 
T S e "614.79256 ( 3 L 1 ) -618.92594 (463) -616,88971 (23.9) 
T S f - 6 1 4 , 7 2 2 8 2 ( 2 1 4 2 ) -618.88051 (165,6) -616,85661 (110,8) 
T S g - 6 1 4 . 7 4 5 8 0 (153.9) -618.89786 (120.1) - 6 1 6 . 8 8 9 8 0 (23.7) 
T S h -614.72983 (195.8) -618.89037 (139.7) -616.86658 (84.7) 
T S i -614.74691 (150.9) -618.90212 (108.9) - 6 1 6 . 8 9 0 6 6 (21.4) 
T S j -614.78623 (47.7) -618.91667 (70.7) -616.89951 (-1.8) 
T S k -614.76683 (98.6) -618.90082 (112.3) - 6 1 6 . 8 8 1 8 7 (44.5) 
T S l -614.77937 (65.7) -618.91239 (81.9) - 6 1 6 . 8 9 3 1 2 (15.0) 
T S m -614.78094 (61.6) -618.91143 (84.4) -616.89667 (5.7) 
a Including Z P V B (scaled b y 0.8929). “ Including Z P V E (scaled b y 0.9614). 
c Single-point energies calculated using B 3 L Y P / 6 - 3 1 G ( d ) geometries; including 
B 3 L Y P / 6 - 3 1 G ( d ) Z P V E (scaled b y 0.9614). 
^ T S c has t w o imaginary vibrational frequencies at both levels a n d h e n c e is not a 
true T S . S e e text for details. 
Finally, Fig. 6 integrates the p a t h w a y s s h o w n in Figs. 3-5 for easy 
c o m p a r i s o n . In Figs. 3-6, 3 is the reference species for all the relative energies. In 
the figures, the structures of the species are not d r a w n to scale, while the exact 
structure m a y b e obtained b y m a k i n g use of the deposited supplementary material. 
In the following discussion, all the relative energies m e n t i o n e d refer to the results 
calculated at the B 3 L Y P / 6 - 3 1 G ( d ) level at 0 K , unless otherwise m e n t i o n e d . 
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43,1 Reaction (1): 3-^6, F r o m Fig. 1, it is s e e n that 3 is o n e o f the 
c o n f o r m a t i o n s o f [16]annulene. A t the H F / 6 - 3 1 G ( d ) level, 3 h a s C2v s y m m e t r y w i t h 
four internal h y d r o g e n s pointing u p w a r d s . A t the B 3 L Y P / 6 - 3 1 G ( d ) level, the 
s y m m e t r y c h a n g e s to C s a n d the four internal h y d r o g e n s point less u p w a r d s a n d 
nearly lie o n the skeletal plane. Energetically, 3 is 31.4 k J mol"^ less stable than the 
m o s t stable c o n f o r m a t i o n f o u n d , 1. W e failed to locate a n y p a t h w a y connecting 1 
a n d 3 , but, according to 0 t h a n d c o - w o r k e r s / 1 h a s "great conformational mobility’， 
a n d equilibration o f 1 a n d 3 is " i m m e d i a t e l y understandable." In this section w e 
confine o u r attention to the reaction 3 — 6. 
160 .0 -1 
AE / kJ mol-1 H 
/ \ 1.563 
100.0 - / \ 98.1 
:/ v/\ 
0.0」 l o . O 3.384 ^ 0 . 2 
Figure 3. Potential e n e r g y surface s h o w i n g the possible m e c h a n i s m for reaction 
(1), 3 - > 6 , calculated at the B 3 L Y P / 6 - 3 1 G ( d ) level. 
A s s h o w n in Fig. 3, 3 first u n d e r g o e s ring closure to f o r m intermediate 7 via 
T S a a n d this T S w a s first located b y R z e p a ' s group. In the present study, w e h a v e 
f o u n d a n additional T S , T S b , w h i c h connects 7 a n d the expected product, 6. 
Structurally, 6 has C 2 s y m m e t r y a n d its four internal h y d r o g e n s point in the s a m e 
direction, u p w a r d s . T h e overall energy barrier for this reaction is 131.0 kJ m o r \ 
w h i c h is the relative energy o f T S a . 
W e also attempted to locate the concerted T S for this reaction, i.e., the T S for 
^  
the one-step p a t h w a y o f 3 - > ( T S ) - > 6. A trimerous stationary point, called T S c , 
apparently corresponding to this concerted step has b e located. H o w e v e r , T S c w a s 
4 9 
f o u n d to h a v e t w o i m a g i n a r y frequencies o f nearly equal m a g n i t u d e , 525/ a n d 500/ 
cnfi. H e n c e T S c is n o t a true T S . T h e transition vector w i t h the smaller negative 
force constant (with v = 500/ cm'^) is similar to that for T S a , w h i c h leads to the 
f o r m a t i o n o f one C - C b o n d . O n the other h a n d , the r e m a i n i n g transition vector (with 
V = 525/ cm—i) o f T S c corresponds to the c o n c o m i t a n t formation o f two C - C b o n d s . 
H o w e v e r , repeated effort to eliminate the i m a g i n a r y vibrational frequency w i t h v = 
500/ c m ] failed. In other w o r d s , w e also failed to locate the concerted T S for 3 — 6. 
It is o f interest to note that T S c is a b o u t 7 2 kJ mol'^ less stable than T S a . H e n c e , if 
the one-step T S for 3 — 6 exists, it is still likely to b e less stable than T S a . In other 
w o r d s , reaction 3 - > 6 is likely to b e stepwise. 
- ] t 
AE/Lm。丨.1 T H T H 160.0 - 2.161 2.996 / \ ^ 
: : 搬 讽 號 
： 喊 ¥ \ 
H H 乃 3.344 3.402 / /H \\ 
0 . 0 」 恐 Z H. 湖 3.409 [r\ 
C ^ H 
{ J Reaction (2) Pathway 2A 
3.342 3 524 ___- Reaction (2) Pathway 2B 1.560 . 573 
3.384 “ 
F i g u r e 4. Potential e n e r g y surface s h o w i n g the possible m e c h a n i s m s for reaction (2), 
3 5, calculated at the B 3 L Y P / 6 - 3 1 G ( d ) level. 
43,2 Reaction (2): 5 5. F r o m Figure 4 , w e see that the p a t h w a y o f this 
reaction is m o r e complicated than that o f reaction (1). 
In the initial step, o n e o f the C = C b o n d s o f 3 flips u p w a r d s to f o r m 8 via 
T S d , with a relatively smaller energy cost o f 18.8 k J mo\'\ In 8，three o f the four 
internal h y d r o g e n s point u p w a r d s , while the remaining o n e points d o w n w a r d s . 
Flipping o f the “opposite” C=C b o n d in 8 will lead to the formation o f 9 via T S e . 50 
N o t e that 8 a n d 9 are t w o o f the (six) aforementioned stable conformations of 
16]annulene. It is w o r t h noting here that 3 has all four internal h y d r o g e n s pointing 
in the s a m e directions. O n the other h a n d , in 9, t w o h y d r o g e n s point to o n e side a n d 
the other t w o point to the opposite side. A l s o , 8 a n d 9 h a v e C\ a n d Q s y m m e t r y , 
respectively. Energetically, 9 is 35.3 kJ mol'^ less stable than 8 a n d the overall 
e n e r g y barrier for the two-step reaction 3 — 9 is 46.3 kJ m o l ' ^ A m o n g 3, 8 a n d 9, 
only 9 has the appropriate conformation to u n d e r g o electrocyclic reactions to f o r m 
the tricyclic product 5. T h e r e are t w o w a y s for 9 to b e transformed into 5, denoted as 
p a t h w a y s 2 A a n d 2 B . In p a t h w a y 2 A , 9 first u n d e r g o e s a ring closure to f o r m a 
bicyclic intermediate 10 via T S f . This is the rate-determining step o f p a t h w a y 2 A . 
Subsequently 1 0 u n d e r g o e s another ring closure to yield the tricyclic product 5 via 
T S g . T h e overall energy barrier for this p a t h w a y is 165.6 kJ mol'\ O n the other 
h a n d , in p a t h w a y 2 B , the ring closure o n 9 takes place in the reverse order. Since 5 
has C i s y m m e t r y , the t w o s i x - m e m b e r e d carbon rings are not equivalent. In p a t h w a y 
2 B , 9 u n d e r g o e s ring closure via T S h to f o r m bicyclic intermediate 11, w h i c h 
u n d e r g o e s yet another ring closure reaction via T S i to yield tricyclic product 5. 
Intermediate 1 1 o f p a t h w a y 2 B is m o r e stable than the corresponding intermediate 1 0 
in p a t h w a y 2 A . A l s o , T S h a n d T S i of p a t h w a y 2 B are m o r e stable than the 
corresponding transition structures T S f a n d T S g of p a t h w a y 2 A . T h e overall energy 
barrier for p a t h w a y 2 B is about 2 6 kJ mol'^ lower than that for p a t h w a y 2 A , so 
p a t h w a y 2 B is m o r e energetically favourable. 
C o m p a r i n g reactions (1) a n d (2), product 6 of reaction (1) has all four internal 
h y d r o g e n s pointing at the s a m e direction, while product 5 of reaction (2) has t w o 
h y d r o g e n s pointing in o n e direction a n d the remaining t w o pointing in the opposite 
direction. Considering only the three p a t h w a y s for reactions (1) a n d (2) discussed so 
far, it m a y b e concluded that, since the barrier for reaction (1) is about 9 kJ mol'^ less 
than that of reaction (2), the (slightly) d o m i n a n t product observed in the experiments 
of 0 t h a n d co-workers'^ should b e 6. This conclusion is not shared b y the 
experimentalists, w h o , b y considering qualitatively the steric congestion a m o n g the 
four internal h y d r o g e n s in 6, preferred 5 to b e the m a j o r product. H o w e v e r , as seen 
f r o m Table 1, 6 is actually thermodynamically m o r e stable than 5 b y about 9 kJ mol" 
1; this result w a s also obtained b y R z e p a a n d co-workers.^ 
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Finally, it is m e n t i o n e d that w e also failed to locate the concerted T S for 
reaction (2). M o r e importantly, w e note that the p a t h w a y suggested in this section is 
just o n e o f the possible p a t h w a y s for the transformation f r o m 3 to 5. In the 
following, w e will p r o p o s e alternative p a t h w a y s for this reaction. 
43J Reaction (3): 7 10, In o u r previous discussion, w e discovered t w o 
bicyclic intermediates 7 a n d 1 0 in reactions (1) a n d (2), respectively. In bicyclic 
species 7 a n d 1 0 , b o t h w i t h C\ s y m m e t r y , the s i x - m e m b e r e d rings o f 7 a n d 1 0 are 
similar to e a c h other, w i t h t w o internal h y d r o g e n s pointing u p w a r d s . A l s o , the 
internal h y d r o g e n s in 7 h a v e the "four-up" conformation, while those in 1 0 h a v e the 
" t w o - u p - t w o - d o w n " conformation. In this section, w e study the reaction p a t h w a y s 
linking these t w o intermediates. B y connecting 7 a n d 1 0， t h e paths for the 
cyclization reactions o f 3 w o u l d b e c o m e m u c h m o r e complicated. A s c a n b e seen 
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Figure 5. Potential energy surface s h o w i n g the possible m e c h a n i s m s for reaction 
( 3 ) , 7 — 1 0 , calculated at the B 3 L Y P / 6 - 3 1 G ( d ) level. 
f r o m Fig. 5, there are t w o w a y s , d e n o t e d as p a t h w a y s 3 A a n d 3 B , via w h i c h 7 a n d 1 0 
c a n transform into o n e another. 
In p a t h w a y 3 A , 7 first flips o n e o f its internal h y d r o g e n s o n the twelve-
m e m b e r e d ring d o w n w a r d s to f o r m intermediate 1 2 via T S j . In other w o r d s , 1 2 has 
the "three-up-one-down" conformation. Subsequently, the other internal h y d r o g e n 
o n the t w e l v e - m e m b e r e d ring also flips d o w n w a r d s to f o r m 1 0 via T S k . T h e overall 
barrier for p a t h w a y 3 A is about 6 4 kJ m o r \ O n the other h a n d , in p a t h w a y 3B，the 
flipping o f the internal h y d r o g e n s o n the t w e l v e - m e m b e r e d ring takes place in the 
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reverse order. Since 7 has C\ s y m m e t r y , the t w o internal h y d r o g e n s o n the twelve-
m e m b e r e d ring are not equivalent. In p a t h w a y 3 B , the intermediate with the "three-
u p - o n e - d o w n " conformation is called 1 3 , w h i c h is m o r e stable than the 
corresponding intermediate 1 2 in p a t h w a y 3 A . T h e overall barrier for p a t h w a y 3 B is 
a b o u t 4 6 kJ m o l ' ^ w h i c h is 18 kJ mol"^ lower than that for p a t h w a y 3 A . 
W e h a v e also attempted to locate the concerted T S for 7 - > 1 0 . In the course 
o f our search, w e f o u n d that the t w e l v e - m e m b e r e d ring is not large e n o u g h to 
a c c o m m o d a t e the concomitant flipping o f its t w o internal hydrogens. H e n c e this T S 
is unlikely to exist. 
4.3.4 Overall reaction: 3 -> 5 and/or 6? All the results discussed so far are 
s u m m a r i z e d in Figures 6. W e can see that there is only o n e p a t h w a y for reaction 
3 - ^ 6 : 
3 (TSa)— 7 -> (TSb) — 6. 
This is the p a t h w a y depicted in Fig. 3. A s m e n t i o n e d earlier, the rate-
determining step is the formation of intermediate 7 f r o m reactant 3, a n d the overall 
barrier is 131.0 kJ m o l ] . 
O n the other h a n d , there are four possible p a t h w a y s for reaction 3 - > 5: 
3 — (TSd) — 8 — (TSe) -> 9 - > (TSf) -> 10-> (TSg) 5; 
3 — (TSd) — 8 — (TSe) — 9 — (TSh) — 11 — (TSi) -> 5; 
3 -> (TSa) — 7 — (TSj) — 12 — (TSk) -> 10-> (TSg) -> 5; 
3 -> (TSa) — 7 •> (TSI) — 13 — (TSm) — 10 — (TSg) 5. 
T h e overall barriers for these four p a t h w a y s are 165.6, 139.7, 131.0 a n d 131.0 
kJ mo\'\ respectively, if w e consider only the largest barrier of the elementary 
processes. In other w o r d s , the last t w o p a t h w a y s h a v e the s a m e overall barrier, 
w h i c h is the s a m e barrier for 3 6. 
Before w e c o m p a r e the calculated results at different levels with the 
experimental data/ w e find that the theoretical results are not in g o o d agreement. 
T h e calculated exothermicities at the H F / 6 - 3 1 G ( d ) a n d M P 2 ( F u l l ) / 6 - 3 1 G ( d ) levels 
are — 1 4 a n d — 6 0 kJ m o l ] , respectively, while, at the B 3 L Y P / 6 - 3 1 G ( d ) level, the 
reaction is endothermic b y about 3 0 kJ mol'\ Experimentally, the reaction enthalpy 
of the cyclization of 1 w a s estimated to b e -38 kJ mol'^ at 2 0 °C in a variety of 
solvents including benzene, ether, acetone a n d C S 2 . In other w o r d s , the B 3 L Y P / 6 -
3 1 G ( d ) m e t h o d m a y not b e very appropriate for the extensively conjugated systems 
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s u c h as 5 a n d 6. H o w e v e r , all three theoretical levels e m p l o y e d s h o w the s a m e trend 
for the overall energy profile o f the reactions. In addition, the calculated overall 
e n e r g y barriers at the M P 2 ( F u l l ) / 6 - 3 1 G ( d ) a n d B 3 L Y P / 6 - 3 1 G ( d ) levels are in 
qualitative a g r e e m e n t with the estimated experimental result. Experimentally, u n d e r 
the aforementioned condition, the barrier w a s estimated to b e 92 k J m o r " A t the 
H F / 6 - 3 1 G ( d ) , B 3 L Y P / 6 - 3 1 G ( d ) a n d M P 2 ( F u l l ) / 6 - 3 1 G ( d ) levels o f theory, this 
quantity is calculated to b e 2 2 0 , 1 6 2 a n d 125 kJ m o r \ respectively. 
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Figure 6* E n e r g y profiles o f reactions (1) to (3) calculated at the B 3 L Y P / 6 - 3 1 G ( d ) 
level. 
T o s u m u p , for the electrocyclic reactions o f [16]annulene, b a s e d o n the 
barriers calculated b y a b initio a n d D F T m e t h o d s , it is not possible to determine 
w h e t h e r product 5 or 6 w o u l d dominate. O n the other h a n d , w e agree with R z e p a 
a n d co-workers that, thermodynamically, 6 is the preferred product. 
4.4 Conclusion 
A b initio a n d D F T m e t h o d s h a v e b e e n e m p l o y e d to study the electrocyclic 
reactions o f [16]anjiulene. C o n f o r m e r 3 , with G s y m m e t r y a n d the proper 
orientation for the internal hydrogens, is taken as the starting reactant for the 
cyclization reaction of [16]annulene, e v e n t h o u g h it is 31.4 kJ mol'^ less stable than 
the m o s t stable c o n f o r m e r found, 1. T h e p a t h w a y s of the electrocyclic reactions 
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f r o m reactant 3 to t w o expected tricyclic products, 5 a n d 6 , h a v e b e e n found. All 
p a t h w a y s identified are stepwise, i.e., the t w o ring closure reactions take place o n e at 
a time. A m o n g the p a t h w a y s found, the ones with the lowest overall barrier for 
reactions 3 5 a n d 3 - > 6 h a v e the s a m e rate-determining step a n d h e n c e the s a m e 
overall barrier, 131.0 kJ mol'\ T h u s , based o n the barriers calculated, it is not 
possible to determine w h i c h is the d o m i n a n t product in this reaction. 
Furthermore, t w o n e w conformations of [16]annulene, 8 a n d 9, h a v e b e e n 
f o u n d a n d they are less stable than 3 b y 7.3 a n d 42.6 kJ m o l ' ^ respectively. In the 
course o f studying the electrocyclic reactions o f 3, the T S s connecting c o n f o r m e r s 3, 
8 a n d 9 o f [16]annulene w e r e also located. Finally, w e also identified a trimerous 
stationary point, T S c , apparently corresponding to concerted p a t h w a y for the 
reaction o f 3 — 6 . H o w e v e r , T S c has t w o imaginary vibrational frequencies, w h i c h 
m e a n s it is not a true T S . Indeed, all o f our attempts to locate the T S s of the 
concerted p a t h w a y s o f all the reactions studied here failed. S o the electrocyclic 
reactions o f [16]annulene are likely to b e stepwise. 
4.5 Publication Note 
A n article based o n the results reported in this Chapter has b e e n accepted for 
publication: L e e , H.-L.; Li, W . - K . , Computational study o n the electrocyclic 
reactions of [16]annulene, Org. Biomol. Chem. (in press). 
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Chapter 5 
Computational Study on the Structures and Stabilities of Some 
Hypothetical Silicon Nanotubes 
Abstract 
T h e stabilities o f tubular structures o f silicon nanotubes (SiNTs), including 
armchair, zigzag, a n d chiral types, h a v e b e e n studied using the semi-empirical P M 3 
m e t h o d a n d , for confirmation, ab initio calculations. T h e curvature, helicity, a n d 
axial length o f the S i N T s are f o u n d to h a v e important influence o n their stabilities. 
A t 0 K , all three kinds of the hypothetical S i N T s with larger diameters c a n f o r m the 
stable h o l l o w structures with buckled tube walls. H o w e v e r , the shapes o f these tubes 
shrink to different extent d e p e n d i n g o n their diameters, c o m p a r e d to the shapely 
beautiful c a r b o n nanotubes ( C N T s ) . T h e present calculations s h o w that the stability 
increases with the decrease o f the n a n o t u b e curvature (or the increase of the 
diameters) a n d with the increase of the axial length. M o s t o f the hypothetical S i N T s 
collapse at 3 0 K , except a f e w cases with relatively large diameters. H e n c e , it 
appears to b e difficult to p r o d u c e S i N T s a b o v e 3 0 K . 
5.1 Introduction 
-I Q 
In the past ten years, motivated b y the discovery ‘ of carbon nanotubes 
( C N T s ) in the early 1990s, great efforts h a v e b e e n directed to the studies of the 
structures a n d properties of tubular f o r m s of matter with nanoscale diameters. M o r e 
recently, preparations of nanotubes with different materials h a v e b e e n considered as 
o n e o f the m a j o r technological challenges in nanotechnology since their unique 
properties a n d potential applications in catalysis, p h a r m a c y , a n d microelectronics. 
Different kinds of carbon nanotubes h a v e b e e n theoretically predicted or 
experimentally realized. ‘ One-dimensional silicon nanostructures h a v e also 
aroused great excitement d u e to their fundamental a n d technological importance 
acting as nanoelectronic devices.6—n It s e e m s to b e clear f r o m these results that the 
m o s t stable crystal structure for silicon is the diamond-like n e t w o r k {sp 
hybridization) rather than the graphite-like sheet (sp hybridization). This can 
explain w h y the synthesis of silicon nanotubes is difficult experimentally, although 
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silicon n a n o w i r e s ( S i N W s ) h a v e b e e n synthesized b y both physical a n d chemical 
v a p o r deposition (CVD).^^'^^ 
H o w e v e r , intensive theoretical research o n the possibility o f silicon or Si-
b a s e d n a n o t u b e s h a v e b e e n carried out b y several groups/^'^^ F r o m these studies, the 
authors identified the differences in the chemistry exhibited b y carbon a n d silicon to 
b e the energetics o f the valence s a n d p orbitals a n d the extent o f overlap o f the n 
orbitals. First, the energy difference b e t w e e n the valence s a n d p orbitals for carbon 
is nearly twice that for silicon. S o , silicon tends to utilize all three o f its valence p 
orbitals, resulting in sp hybridization. S e c o n d , since the interatomic distance 
increases significantly f r o m carbon to silicon, the n - n overlap decreases accordingly, 
resulting in Si=Si b o n d s being in general m u c h w e a k e r than C = C b o n d s . B a s e d o n 
， 1 c 
the inability of the sp coordination of silicon, Seifert et al. argued that the 
existence o f S i N T s is doubtful. Alternatively, in v i e w s o f the existence o f layered 
silicon system, such as silicides a n d S i H nanotubes, Seifert et al}^ p r o p o s e d Si-based 
nanotubes, w h i c h are energetically favorable structures a n d so could b e considered as 
source o f nanotubes. 
In the f r a m e o f density functional theory ( D F T ) , F a g a n et al}'' h a v e 
established the theoretical similarities b e t w e e n S i N T s a n d C N T s . Their theoretical 
results s h o w e d that the electronic a n d structural properties o f S i N T s are similar to 
those o f C N T s , i.e. they m a y present metallic or semiconductor behaviors d e p e n d i n g 
o n their chirality (armchair, zigzag or m i x e d ) a n d tube diameter. V e r y recently, the 
possibility of the existence of silicon nanotubes has b e e n explored further b y using 
q u a n t u m chemical approach. O u r group f o u n d that S i N T s could b e f o r m e d in 
principle with puckered surface structures under appropriate conditions." In this 
direction, the preparation of thick-walled S i N T s has b e e n achieved b y a C V D 
process using a n a n o c h a n n e l A I 2 O 3 substrate. ^ ^ O n the other h a n d , it is k n o w n that 
layered silicon systems widely exist in s o m e silicides. F o r instance, in alkaline-
earth-metal silicides^® the flat silicon layers are separated b y the metal ions, w h e r e 
the silicon a t o m s f o r m cyclohexane-like rings. O n e m a y easily imagine that the 
layered systems of silicon h a v e the potential to f o r m tubular structures, given that 
fact all synthesized nanotubular materials consist of layered structures. Right n o w , 
the research for silicon based tubular structures needs to a n s w e r at least t w o 
questions: h o w it could b e synthesized a n d h o w stable it is. 
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In the present w o r k , various S i N T s are studied computationally to see the 
effects o f the curvature, helicity, a n d axial length of the S i N T s o n their stabilities. A t 
the s a m e time, w e will c o m p a r e the difference b e t w e e n the S i N T s a n d C N T s . 
F u r t h e r m o r e , the stability o f S i N T u n d e r different temperatures will b e investigated. 
5.2 Model Design and Methods of Calculation 
T o study the curvature a n d helicity effects o f S i N T stability, a series o f tubular 
structures are designed, including armchair nanotubes (n,n) with n G (4,10), zigzag 
n a n o t u b e s (n,0) with n G (4,10), a n d m i x e d or chiral nanotubes (n,m) with n € (4,5) 
a n d m G (2,4). T h e notation system of nanotubes is given in A p p e n d i x C . Initial 
n a n o t u b e structures are constructed b y folding a 2 D graphite-like sheet of silicon. In 
this w o r k , w e h a v e u s e d h y d r o g e n a t o m s to saturate the ends of the S i N T s . W e h a v e 
found^^ that the saturation o f the dangling b o n d s with h y d r o g e n a t o m s is crucial for 
the stability o f the silicon tube or the metastable structure. W i t h o u t these h y d r o g e n 
a t o m s the structure will first d e f o r m a n d eventually collapse to b e c o m e a n irregularly 
shape with mostly sp hybridized Si a t o m s . F o r each type o f S i N T , several tubes 
with different axial lengths h a v e b e e n considered in order to e x a m i n e the effect of 
the length o f the S i N T s o n their stabilities. 
All calculations h a v e b e e n carried out using the Gaussian 9 8 p a c k a g e o f 
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p r o g r a m s . T h e P M 3 parametrization of the M N D O semi-empirical Hamiltonian 
w a s u s e d throughout the calculations for all the m o d e l s considered here. T o confirm 
the P M 3 results, geometrical optimizations at the H F / S T 0 - 3 G , H F / 3 - 2 1 G , a n d H F / 3 -
2 1 G ( d ) levels w e r e further conducted for s o m e of the C N T a n d S i N T m o d e l s . D u e 
to the inadequate disk spaces a n d expensive c o m p u t e r usage, only a f e w S i N T 
m o d e l s h a v e b e e n studied at the higher level. Professor R . Q . Z h a n g of the City 
University o f H o n g K o n g investigates the temperature influence o n the stability of 
S i N T in this w o r k . Their calculation is based o n the density-functional-tight-binding 
molecular d y n a m i c s ( D F T B - M D ) simulations. 
5.3 Results and Discussion 
T h e optimized armchair S i N T s a n d C N T s studied in this w o r k are s h o w n in 
Figures 1(a) a n d (b). Figures 2 a n d 3 display the optimized zig-zag type a n d chiral 
type of S i N T s / C N T s , respectively. 
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5.3J Armchair (n,n) SiNTs. In our previous work," w e investigated the 
C N T a n d S i N T a r m c h a i r (3,3) structures a n d f o u n d that the b o n d length variations o f 
C - C b o n d in (3,3) C N T is a b o u t 0.06 A , w h i c h is m u c h smaller than those for the Si-
Si b o n d in (3,3) S i N T , w h i c h is a b o u t 0.40 A . A l s o , the (3,3) C N T has a s m o o t h 
surface, w h i l e the (3,3) S i N T has a p u c k e r e d surface a n d a less u n i f o r m tube 
diameter. 
N o w , w e p r o c e e d to study the stability o f armchair S i N T s w i t h larger 
diameters. A s s h o w n in Figure 1(a), b o t h the (4,4) a n d (5,5) C N T s h a v e s m o o t h tube 
surfaces a n d quite u n i f o r m tube diameters. B u t for (4,4) S i N T , its tube surface is 
p u c k e r e d . F r o m the top v i e w , it c a n b e seen that the tube is not completely circular. 
B y inspecting the geometries o f the (4,4) C N T a n d S i N T m o d e l s , w e see that the C — 
C b o n d lengths in (4,4) C N T alternate b e t w e e n 1.398 a n d 1.472 A at the H F / 3 -
2 1 G ( d ) level, indicating a certain degree o f C = C against C - C b o n d delocalization. 
T h e small b o n d length alternation o f a b o u t 0.07 人 signifies that n electrons 
delocalization is extensive in (4,4) C N T . W h e n w e investigate (4,4) S i N T at the 
s a m e level, the shortest Si-Si b o n d is 2.255 A , while the longest is 2.285 人 . T h e 
bond length variation is about 0.03 A, which is similar to the corresponding (4,4) 
C N T . N e x t , w e c o m p a r e with (3,3) S i N T studied in our previous w o r k , " w e find 
that the b o n d length variation in (4,4) S i N T is significantly smaller than w h o s e in 
(3,3) S i N T , 0.18 A . 11 F r o m this investigation, it s h o w s the n electrons delocalization 
in (4,4) S i N T is similar to w h o s e in (4,4) C N T a n d m o r e extensive than w h o s e in 
(3,3) S i N T . 
W h e n w e increase the value of n b y o n e , i.e. further increasing the diameter 
to f o r m (5,5) S i N T , the tube surface b e c o m e s s m o o t h e r with u n i f o r m tube diameter. 
Structurally, the b o n d length variation o f C - C b o n d in (5,5) C N T is very small, about 
0.04 A . O n the other h a n d , the Si-Si b o n d lengths in (5,5) S i N T alternate b e t w e e n 
1.874 a n d 2.262 A , based o n the P M 3 calculation. Since the P M 3 result o f this 
m o d e l m a y not b e very g o o d , w e p r o c e e d e d to try a m o r e accurate a b initio 
calculation. A t the H F / S T 0 - 3 G level, the Si-Si b o n d length alternation is 0.07 A 
( b e t w e e n 2.098 a n d 2.166 A ) a n d this result is similar to that of (4,4) S i N T . A l s o , w e 
find that this alteration in b o n d lengths will r e m a i n to b e small if the length o f the 
tube is increased. 
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In Figure 1(b), three a r m c h a i r S i N T s , (6,6), (7,7), a n d (9,9) are s h o w n . F r o m 
their top a n d side v i e w s , w e c a n see that they h a v e fairly u n i f o r m tube diameters a n d 
less p u c k e r e d surfaces than (5,5) S i N T . A s a result, w e c a n say that, as n increases, 
the n a n o t u b e curvature o f S i N T decreases, or the diameter increases, a n d the s h a p e o f 
the t u b e will close to the beautiful C N T s a n d the n electrons delocalization will b e 
m o r e extensive. A t the s a m e time, w e find that the m i n i m u m diameter should b e 
m o r e than 6 人，i.e. the m i n i m u m value o f n is 3, for a stable a r m c h a i r (n,n) S i N T 
construction. 
5,3.2 Zigzag (n，0) SiNTs, A c c o r d i n g to semi-empirical a n d a b initio 
calculations, since the curvature o f the zigzag structures are relatively large, the 
S i N T s w i t h small (n,0) values are highly unstable, w h e r e n < 6. A s s h o w n in Figure 
2 , the representative (4,0) S i N T is a metastable structure w i t h highly p u c k e r e d 
surface, a n d s u c h tubular structure collapses v e r y easily. This structure is essentially 
the result o f sp hybridization at the silicon a t o m s . Similar cases o c c u r in (5,0) a n d 
(6,0) S i N T s . O n the other h a n d , in the cases o f the c a r b o n counterparts, there are 
stable a n d u n i f o r m structures for the (5,0) a n d (6,0) C N T s . This indicates the strain 
e n e r g y o f S i N T is larger than that o f C N T w h e n the n a n o t u b e s h a v e the s a m e (n,0) 
value or the C N T c a n withstand larger strain energy. 
T h e results o f m o l e c u l a r d y n a m i c s simulations b y Prof. R . Q . Z h a n g s h o w 
that the zigzag S i N T s f o r m fair shapes w i t h u n i f o r m diameter for (n,0) S i N T w h e n n 
> 6, w h i l e the axial length m u s t b e long e n o u g h . F o r e x a m p l e , the (10,0) S i N T is 
f o u n d to h a v e a quite u n i f o r m diameter w h e n the axial length is a b o u t 3 5 A , as 
s h o w n in Figure 4(a). F u r t h e r m o r e , w e c o m p a r e the stability o f zigzag a n d armchair 
type S i N T s w i t h similar tube diameter. F o r e x a m p l e , both the diameters o f (6,0) a n d 
(3,3) S i N T s are a b o u t 7 A . W e find that (3,3) S i N T is m o r e stable than (6,0) S i N T 
a n d h a s a s m o o t h e r tube surface than that in (6,0) S i N T . H e n c e , the armchair S i N T s 
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Figure 1(a). T h e structures of (4,4) S i N T a n d (4,4) C N T are optimized at the H F / 3 -
2 1 G ( d ) level a n d those of (5,5) S i N T a n d (5,5) C N T are optimized at the H F / S T O -
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Figure 1(b). T h e optimized structures of (6,6), (7,7), a n d (9,9) S i N T s based o n 
the P M 3 calculations. T h e top v i e w s are s h o w n o n the left, a n d the side v i e w s are 
illustrated o n the right. 
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(4,0) S i N T 
錄mm 
(4,0) C N T 
(5,0) C N T 
(6,0) C N T 
Figure 2. T h e (4,0) S i N T optimized at the H F / S T 0 - 3 G level, (4,0), (5,0), a n d 
(6,0) C N T s at the H F / 3 - 2 1 G ( d ) level. T h e top v i e w s are s h o w n o n the left, a n d 
the side v i e w s are illustrated o n the right. 
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Chiral (n，m) SiNTs, W e h a v e successfully optimized the structure o f 
chiral ( n , m ) C N T s with n G (4,5) a n d m G (1,4). O n the other h a n d , for the silicon 
counterparts, w e could not locate the structures o f (4,1) a n d (5,1) S i N T s . This failure 
m a y b e d u e to the fact that the diameters o f these t w o S i N T s are not e n o u g h to 
maintain the stabilities o f the tubes. A s s h o w n in Figure 3, the tube walls o f (4,2), 
(4,3) a n d (5,2) S i N T s are considerably puckered. In (4,2) S i N T , w e c a n see that its 
structure is quite similar to the (4,0) S i N T s h o w n in Figure 2. T h e silicon a t o m s are 
more-or-less sp^ hybridized. Its diameter is about 6.6 A , w h i c h is similar to those of 
the smallest stable zigzag a n d armchair S i N T s f o u n d in this w o r k . A t the H F / S T O -
3 G level, the Si-Si b o n d length alternation in (4,2) S i N T is about 0.16 A (between 
2.078 a n d 2.235 A ) . W e h a v e f o u n d that the shrunk extent of the tubes decreases 
w i t h the increase o f tube diameters, probably d u e to the decreased strains of the tubes 
w i t h the increase o f their diameters. This behavior can b e attributed to the different 
strains o f the tubes. T h e strain energies are larger for the S i N T s with smaller 
diameter. A s a result, there is a larger shrinkage of the tubes. W h e n w e c o m p a r e 
these chiral S i N T s with the corresponding chiral C N T s , as the diameter of S i N T 
increases, the tube b e c o m e s m o r e u n i f o r m a n d m o r e similar to the C N T . F o r 
e x a m p l e , (5,4) S i N T has very u n i f o r m diameter, w h i c h almost rivals the (5,4) C N T , 
except the buckled tubular wall resulted f r o m the sp^ hybridized silicon a t o m s . 
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(4.1) CNT 
(4.2) S i N T 
(4.2) C N T 
(4.3) S i N T 
Figure 3. T h e structures of the chiral S i N T s a n d C N T s optimized at the H F / S T O -
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Figure 3. (Continued). 
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(5,3) SiNT 
(5.3) C N T 
o 讓 
(5.4) S i N T 
(5,4) C N T 
O^m Figure 3. (Continued). 68 
Stabilities of SiNTs at Elevated Temperature, W h e n the temperature 
increases, w e h a v e f o u n d that the stabilities o f all S i N T s considered here decrease 
a n d start to collapse, especially for the S i N T s with small diameters. F o r the armchair 
(n,n) tubes, with n < 3, the initial h o l l o w structures completely break d o w n , d u e to 
large strain a n d the sp hybridized silicon a t o m s e v e n at 10 K . A s n > 6, the h o l l o w 
structures c a n exist u p to 3 0 K . F o r zigzag (n,0) tubes, w e h a v e f o u n d that the S i N T s 
w i t h n < 4 cannot exist e v e n at 10 K , a n d those tubes with n > 5 are stable u p to 3 0 
K . F o r the chiral (n,m) tubes, the tube stability is very l o w . M o l e c u l a r d y n a m i c s 
simulation s h o w s m o s t of the tubes h a v e collapsed e v e n at 10 K . 
F r o m these results, w e m a y conclude that the stability o f S i N T s is strongly 
d e p e n d e n t o n the chirality o f the tubes. In Figures 4(a) a n d (b), the structures o f 
(10,0) a n d (10,10) S i N T s are s h o w n , respectively, at both 0 K a n d 3 0 K . A t 3 0 K , 
both structures o f S i N T s are still stable a n d there is little distortion. 
A t O K 
A t 3 0 K 
Figure 4(a). T w o different v i e w s of the (10,0) S i N T obtained with the D F T B - M D 
approach at 0 K a n d 3 0 K . T h e top v i e w s are s h o w n o n the left, a n d the side 




A t 3 0 K 
Figure 4(b). T w o different v i e w s of (10,10) S i N T obtained with the D F T B - M D 
a p p r o a c h at 0 K a n d 3 0 K . T h e top v i e w s are s h o w n o n the left, a n d the side v i e w s 
are illustrated o n the right. 
5.4 Conclusion 
T h e quasi one-dimensional silicon nanomaterials can f o r m stable h o l l o w 
structures with buckled tube walls at l o w temperature. T h e shapes o f these structures 
are not very pretty, c o m p a r e d to the w e l l - k n o w n carbon nanotubes. All the initial 
estimate tubular structures are constructed f r o m ideally planar silicon graphite-like 
sheet. T h e stability of a S i N T d e p e n d s o n the axial length, diameter, a n d helicity of 
the tube. T h e stability increases with the decrease of the nanotube curvature (or the 
increase of the diameters) a n d with the increase of the n u m b e r of cell units. 
Furthermore, w e h a v e found that the ideal S i N T s at 0 K d e f o r m to different extent 
with increased temperature. O n c e again, the deformation d e p e n d s o n the axial 
length, curvature, a n d helicity of the S i N T s . Furthermore, m o s t of the hypothetical 
S i N T s collapse at 3 0 K , except a f e w cases with large diameters. H e n c e , S i N T s m a y 
b e a promising source for nanoscale optoelectronic devices b e l o w 3 0 K . 
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Since conclusions h a v e b e e n d r a w n for e a c h Chapter, w e will not specifically 
c o m m e n t o n individual c h e m i c a l s y s t e m s studied in this w o r k here. O n the other 
h a n d , different m o d e l s o f theory, m o d i f i e d Gaussian-2 ( G 2 + + ) a n d Gaussian-3 ( G 3 ) , 
as well as other theoretical m e t h o d s h a v e b e e n e m p l o y e d to study the structures, 
b o n d i n g , a n d energetics o f several interesting systems. W e will n o w r e m a r k o n the 
relative merits o f these m o d e l s . 
In this thesis, w e h a v e e m p l o y e d the G 3 m e t h o d to study the structures a n d 
energetics o f C 3 H 6 S a n d C 3 H 6 S + . isomers, as well as s o m e o f their reaction 
m e c h a n i s m s . F o r the C 3 H 6 S a n d C 3 H 6 S + . isomers, w e h a v e e m p l o y e d a natural b o n d 
orbital ( N B O ) analysis to study the electronic structures o f these isomers. 
C o m b i n i n g w i t h the experimental results, g o o d to excellent a g r e e m e n t s b e t w e e n the 
G 3 results a n d experimental values are observed in m o s t cases. In addition, w e h a v e 
u s e d the G 2 + + m e t h o d to study t w o anions, H 2 C = C ( S ) C H 3 — a n d H 2 C二 C H S — . W e 
h a v e also carried out the density functional theory ( D F T ) m e t h o d to calculate the 
reaction p a t h w a y s o f the electrocyclic reactions o f [16]annulene. Furthermore, w e 
h a v e e m p l o y e d the semi-empirical P M 3 m e t h o d a n d rather crude a b initio m e t h o d s 
s u c h as H F / S T 0 - 3 G , H F / 3 - 2 1 G , a n d H F / 3 - 2 1 G ( d ) to investigate the structures o f 
several kinds o f silicon nanotubes. 
Since m o s t of the calculated results obtained in this w o r k are in g o o d 
a g r e e m e n t with the available experimental data. B a s e d o n the previous successes for 
the m e t h o d s e m p l o y e d , the u n e x p e c t e d large discrepancies b e t w e e n experimental a n d 
calculated results for s o m e quantities reported in this thesis m a y not b e d u e to the 
failure o f the theoretical m o d e l . Rather, these discrepancies suggest that the 
experimental results m a y b e inaccurate a n d deserve re—examinatioiL 
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Appendix A 
The Modified Gaussian-2 and The Gaussian-3 Theoretical Models 
T h e mathematical details of the modified G a u s s i a n - 2 ( G 2 + + ) a n d the 
G a u s s i a n - 3 ( G 3 ) methodologies are presented b e l o w . 
A.l The G3 Theory 
T h e G 3 energy is an approximation of the ab initio energy calculated at the 
Q C I S D ( T ) / G 3 l a r g e level. It involves g e o m e t r y optimization at the MP2(Full)/6-
31 G ( d ) level. Also, vibrational frequency calculations at the H F / 6 — 3 1 G ( d ) level for 
the zero-point vibrational energy ( Z P V E ) , thermal corrections, a n d a semi-empirical 
higher-level correction ( H L C ) are required. B a s e d o n the optimized geometry, 
several single-point energy calculations are performed, a n d the G 3 energy E ( G 3 ) is 
given as follows. 
E ( G 3 ) = Ebase + A E ( Q C I ) + A E ( + ) + AE(2df,p) + A E ( G 3 1 a r g e ) + A E ( S O ) + 0.8929 x 
Z P V E h f + H L C G 3 , (1) 
w h e r e Ebase = E [ M P 4 S D T Q / 6 - 3 1 G ( d ) ] , 
A E ( Q C I ) = E [ Q C I S D ( T ) / 6 - 3 1 G ( d ) - M P 4 S D T Q / 6 — 3 1 G ( d ) ] , 
A E ( + ) = E [ M P 4 S D T Q / 6 - 3 1 + G ( d ) - M P 4 S D T Q / 6 — 3 1 G ( d ) ] , 
AE(2df,p) = E [ M P 4 S D T Q / 6 - 3 1 G(2df,p) - M P 4 S D T Q / 6 — 3 1 G ( d ) ] , 
A E ( G 3 large) = E [ M P 2 ( F u l l ) / G 3 large — M P 2 / 6 - 3 1 G ( 2 d f , p ) -
M P 2 / 6 - 3 1 + G ( d ) + M P 2 / 6 - 3 1 G ( d ) ] , 
Z P V E h f = Z P V E at H F / 6 - 3 1 G ( d ) , 
H L C g 3 = — 6 . 3 8 6 x 1 0 - 3 即 - 2 . 9 7 7 x 1 a n d 
- 6 . 2 1 9 x 1 0 - 3 " P — 1 .185xlO"\^a-^p) 
for molecular and atomic species, respectively. H e r e n ^ > n^ and na 
a n d n^ are the n u m b e r s of a a n d p valence electrons, respectively. 
A E ( S O ) is spin-orbit correction for atomic species, and is taken from 
experiment or accurate theoretical calculations in the case w h e r e n o 
experimental data are available. 
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A.2 The G2++ Theory 
G 2 + + is a modified G 2 m e t h o d specially designed for (organic) anions. It 
involves g e o m e t r y optimization a n d vibrational frequency calculations at the 
M P 2 ( F u l l ) / 6 - 3 1 + + G ( d ) level. T h e details of G 2 + + energies are given b e l o w . 
E ( G 2 + + ) = EBASE + A E ( Q C I ) + A E ( + ) + AE(2df) + A + 0 . 9 7 2 x ZPVEmp2(+) + 
H L C G 2 + + , ( 2 ) 
where Ebase = E[MP4SDTQ/6-311 G(d,p)], 
A E ( Q C I ) = E [ Q C I S D ( T ) / 6 - 3 1 lG(d,p) - M P 4 S D T Q / 6 - 3 llG(d,p)], 
A E ( + ) = E [ M P 4 S D T Q / 6 — 3 1 1 + + G ( d , p ) — M P 4 S D T Q / 6 - 3 1 lG(d,p)], 
A E ( 2 d f ) = E [ M P 4 S D T Q / 6 - 3 1 lG(2df,p) — M P 4 S D T Q / 6 — 3 1 lG(d,p)], 
A = E [ M P 2 / 6 - 3 1 1 + + G ( 3 d f , 2 p ) — M P 2 / 6 - 3 l l G ( 2 d f , p ) -
M P 2 / 6 - 3 1 1 + + G ( d , p ) + M P 2 / 6 - 3 llG(d,p)], 
ZPVEMP2(+) = Z P V E at MP2(Full)/6-31++G(d), 
H L CG2 + + = —5.03 X 1 0 " % - 0 . 1 8 x 
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Appendix B 
Calculation of Enthalpy at 298 K, H298 
T h e theoretical energies obtained with the G a u s s i a n - n m e t h o d s refer to 
isolated m o l e c u l e s at 0 K w i t h stationary nuclei, while t h e r m o c h e m i c a l 
m e a s u r e m e n t s are carried out with vibrating m o l e c u l e s at finite temperature, usually 
2 9 8 K . H e n c e , c o m p a r i s o n o f theoretical results with experimental data n o r m a l l y 
requires zero-point vibrational e n e r g y a n d thermal corrections. F r o m statistical 
m e c h a n i c s , a n d a s s u m i n g ideal gas behavior, the difference b e t w e e n the enthalpy at 
finite temperature ( H j ) a n d the e n e r g y at 0 K (Eq) is given b y 
Ht-EO 二 五Ttrans + 五丁如 + A ^ / ' ^ + R T 
w h e r e 五 产 = ( 3 / 2 ) R T , 
Et似=(3/2)RT (for a non-linear m o l e c u l e ) 
五/ot = R T (for a linear m o l e c u l e ) or 0 (for a n a t o m ) 
A 77 vib _ r vib T? vib lAJbj — tLj — ILQ 
= V ^ , w h e r e V/'s are the scaled h a r m o n i c frequencies. 
i Qxp(hv. /kT)-l 
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Appendix C 
Notation System of Nanotubes 
A 2 D g r a p h e n e sheet s h o w n b e l o w is s h o w n . T h e t w o vectors defining the 
d i m e n s i o n s are al a n d a2. A r m c h a i r (n,n) n a n o t u b e s are resulted w h e n w e roll u p 
the sheet a n d join point (0,0) w i t h point (n,n). Z i g z a g (n,0) n a n o t u b e s are f o r m e d 
w h e n w e roll u p the sheet a n d join points (0,0) a n d (n,0). Finally, chiral ( n , m ) 
n a n o t u b e s are p r o d u c e d w h e n the sheet is rolled u p a n d points (0,0) a n d ( n , m ) are 
joined. In the case o f chiral ( n , m ) n a n o t u b e s , w e h a v e m n a n d m 0. 
r 丫 、 . 广 广 广 明 
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